INIVERSITY OF ILLINOIS ENGINEERING EXPERIMENT STATION 
eee e me Bulletin Series No. 412 


a 
= 
me 
‘veewt 


CHARACTERISTICS 
PERIMETER HEATING DUCTS 


| ‘UNIVERSITY OF ILLINOIS BULLETIN 


af 


A REPORT OF AN INVESTIGATION 


Conducted by 
THE ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS 


in Cooperation with 
THE NATIONAL WARM AIR HEATING AND 
AIR CONDITIONING ASSOCIATION 


em 


Price: Highty Cents 


UNIVERSITY OF ILLINOIS BULLETIN 


Volume 50, Number 68; May, 1953. Published seven times each month by the University of 
Illinois. Entered as second-class matter December 11, 1912, at the post office at Urbana, Illinoi 
under the Act of August 24, 1912, Office of Publication, 358 Administration Building, Urbana, Illinois, 


Se i lianas scetniiaeds 


UNIVERSITY OF ILLINOIS ENGINEERING EXPERIMENT STATION 
Bulletin Series No. 412 


HEAT EMISSION CHARACTERISTICS 
OF WARM-AIR PERIMETER HEATING DUCTS 


JOHN R. JAMIESON 

Formerly Research Associate 
im Mechanical Engineering 
ROBERT W. ROOSE 

Research Assistant Professor 
of Mechanical Engineering 
HERBERT T. GILKEY 

Research Associate 

im Mechanical Engineering 
SEICH]| KONZO 

Professor of Mechanical Engineering 


Published by the University of Illinois, Urbana 


4550—5-53—51983 OF LING 
ts PRESS ::3 


ABSTRACT 


This bulletin gives results of an investigation conducted in the Floor Slab 
Laboratory, which is a 72-ft x 16-ft insulated structure built to facili- 
tate the study of heat transfer characteristics of concrete floor slabs 
heated by means of an 8-in. diam perimeter duct. Specifically, studies 
- were made to determine: 


1. Temperature distribution and heat emission at the floor surface 

2. Temperature drop of air flowing through ducts embedded in the 
concrete floor 

3. Magnitudes and distribution of the heat losses to the ground and 
through the edges of the floor slab 

4. Effect of floor coverings on the heat transfer characteristics of the 
floor slabs 

5. Heat transfer lag and response of the mass of concrete and earth 
surrounding the perimeter duct 

6. Effect of windows on the temperatures within the rooms 

7. Air delivery into rooms through registers 

8. Durability of materials for edge insulation. 

This investigation was conducted in cooperation with the National Warm 
Air Heating and Air Conditioning Association. 

The floor-surface temperature distribution and heat emission from the 
floor surface over the perimeter duct were found to be affected primarily 
by duct-air temperature and to a lesser extent by duct-air velocity and 
outdoor temperature. The rates of heat emission from the floor surface 
‘measured by means of heat-flow meters were found to be in excellent 
agreement with calculated rates based upon the use of the King equation 
for natural convection and the Stefan-Boltzmann equation for radiation 
transfer, and also with the total heat emission determined by an actual 
heat balance. Putting a carpet and pad over the floor resulted in heat 
emission rates approximately one-half those for the bare floor for the 
same conditions of duct-air temperature and velocity. Both the floor- 
surface temperature distribution and the heat emission from the floor 
surface were studied for an embedded feeder duct connecting the furnace 
to the perimeter duct. Uniformity of floor-surface temperatures along 
the feeder duct was obtained by varying the thickness of concrete be- 
tween the duct and the floor surface. The temperature drop of the air 
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flowing between any two stations in both the feeder and perimeter ducts 
was found to be primarily a function of duct-air temperature and velocity. 

A large amount of the subfloor heat loss occurred at the outer edge 
of the floor slab. Of the four types of edge construction studied, that 
which incorporated a 2-in. thick L-type edge insulation was found to be 
most effective in reducing the subfloor heat loss. The losses were reduced 
when either the duct-air temperature or the duct-air velocity was de- 
creased. Heat-flow diagrams for each of the floor constructions indicated 
the proportionate heat flow (a) into the room, (b) through the edge 
insulation, and (c) directly into the ground (by-passing the insulation). 

A study of the durability of nine materials for use as edge insulation 
showed that the corkboard and cellular-glass board were practically un- 
affected after a 300-day application period. Certain organic fiberboards 
would require special precautions in application to prevent their being 
made ineffective by exposure to moist soil conditions. 

Analysis of the time lags involved in heat transfer by conduction from 
the perimeter duct to the surrounding mass of concrete and earth indi- 
cated a large lag and a slow response of the mass below the duct. 
Although the response at the floor surface above the perimeter duct was 
also relatively slow, it was not considered to impair seriously the response 
of any perimeter heating system, since the panel heating effect of the 
floor slab would be minor compared with the convection heating effect of 
air introduced through the registers. 

Study of the effects of windows on the temperature conditions in a 
room containing ducts embedded in the floor showed small changes in 
the room-air temperature differentials, floor-surface temperatures, and 
mean radiant temperatures. That the changes were small was attributed 
to the effectiveness of the panel-convection effects from the heated floor 
above the embedded ducts. 

To evaluate the performance of a perimeter heating system from the _ 
standpoint of air temperatures and air velocities within the room, a num- 
ber of types of registers were investigated. In all cases the registers were 
located under the windows. The best performances were obtained from 
those registers in which the warm air leaving the register was rapidly 
diffused with the room air. 

The results of this investigation are summarized in the form of ~ 
practical design data in terms of: 

(a) Net heat emission from the floor surface 


(b) Air temperature drop through the embedded ducts 
(c) Subfloor heat losses. 
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Il. INTRODUCTION 


1. Preliminary Statement 

One kind of low-cost home is the basementless structure in which the 
concrete floor slab is laid on the ground. Such floors are likely to be 
cold™ *)* unless some provision is made for adequate insulation®) of the 
edge of the floor slab and for the introduction of some heat into the 
floor — especially near the edges, where the greatest heat loss occurs. 

The warm-air perimeter system“) was devised in order to eliminate 
the cold floor at the exposed edge by the application of heat in the 
peripheral area of the floor. In this system the warm air from the 
furnace is delivered through subfloor feeder ducts extending from a 
plenum chamber under the furnace to the perimeter duct, which is em- 
bedded in the floor along the outer walls. A panel heating effect (by 
radiation and convection) is provided by the warm floor above the 
perimeter and feeder ducts, and convection heat is supplied by the warm 
air which is introduced into the rooms through floor registers located 
along the outer walls. Hence all the heated air leaving the furnace is 
delivered into the rooms through registers; cooled air is returned to the 
_ furnace through return-air intakes located at the inside walls or ceiling. 

The over-all performance of two basic types of perimeter heating 
systems has been studied“? in Warm Air Heating Research Residence 
No. 3. Since the many variables affecting the heat transfer from the 
embedded ducts to the room and to the ground could not be studied indi- 
vidually in the Residence, it was considered desirable to investigate these 
factors separately in the Floor Slab Laboratory. 
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3. Objectives of Investigation 

The over-all objectives of the investigation were to determine: 

1. Distribution and magnitude of floor-surface temperatures, as well 
as heat emission from the floor over the duct (panel effect) 

2. Magnitudes of and decreases in temperature of the air flowing 
through both the embedded perimeter and feeder ducts 


3. Magnitudes and distribution of the heat losses to the ground and 
through the edges of the floor slab 


4. Effect of a floor covering on items 1, 2, and 3 


5. Temperature of the underlying soil and the effect of soil moisture 
on edge insulation 
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6. Changes in floor-surface, room-air, and mean radiant temperatures 
resulting from the use of windows of various sizes 

7. Air distribution and the room-air temperature gradients resulting 
from the use of various types of floor and baseboard registers located 
along the exterior wall. 


For each of the foregoing objectives a number of independent vari- 
ables existed or were separately introduced. These variables included the 
following items: 

(a) Construction of the floor slabs with four different types of edge 
insulation 

(b) Temperatures and velocities of the circulating air in the perimeter 
and feeder ducts 

(c) Weather effects, such as outdoor temperature, solar intensity, 
wind velocity and direction, and precipitation. 


Il. LABORATORY AND EQUIPMENT 
4. Floor Slab Laboratory 

The Floor Slab Laboratory (Figs. 1 and 2) was constructed in 1947 
for the specific purpose of studying methods of insulating unheated con- 
crete floor slabs.‘*? The one-story building was modified in 1949 to accom- 
modate concrete floor slabs with embedded perimeter heating ducts. It 
was further modified in 1950 to provide for the study of objectives 6 and 
7 and an extension of objectives 1, 2, and 3. Rooms A, B, and C were 
exposed only to the north, and Room D was exposed to both north and 
east; thus the effect of direct solar radiation upon the rooms was mini- 
mized. A summary of the over-all heat transfer coefficients and design 


Re eer 


Fig. 1. Exterior View of Floor Slab Laboratory 


heat losses for each room is given in Fig. 2. The insulated partition walls 
between rooms extended 4 ft below the floor so that any heat transfer 
from adjoining spaces was minimized. 

The four types of floor-slab edge construction investigated during the : 
1949-50 and 1950-51 heating seasons are shown in Fig. 3. The edge insu- 
lation consisted of a rigid and waterproof cellular glass having a thermal 
conductivity of 0.42 Btu per hr (sq ft) (F per in.). A 4-in. layer of 
coarse gravel under the floor provided suitable drainage and minimized 
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the capillary rise of moisture from the soil. A duplex-kraft paper was 
placed over the gravel fill for a dampproofing membrane, all joints 
being lapped and then sealed with cold tar. The soil under and adjacent 
to the Laboratory contained 3 ft of fill which was primarily a silty clay 
composed of 18 percent clay, 53 percent silt, 24 percent sand, and 5 
percent gravel. Under the fill was the original black silty-clay topsoil, 
which extended to a depth of 4 ft. The soil adjacent to the rooms was 
graded 8 in. below the floor line, and sloped away from the building for 
proper drainage. 
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Fig. 3. Types of Edge Construction 


5. Equipment and Instrumentation 

An electric furnace in the instrument room supplied warm air to the 
perimeter duct. Except in the studies reported in Chapter IX warm air 
was not introduced into the rooms from the perimeter duct, as is the 
normal procedure in a residence provided with a perimeter heating sys- 
tem.) This deviation from normal was considered necessary to permit 
study of the temperature and heat emission characteristics of the em- 
bedded duct alone, without adding the complications caused by the dis- 
charge of air from the registers into the rooms. An electric heater, 
controlled by a thermostat, was placed in each room to supplement the 
heat gains from the perimeter duct and to simulate a heat input through 
a conventional register. With this arrangement a constant air tempera- 
ture of 72 F was maintained in each room at the 30-in. level. A mixture 
of 20 cfm of outdoor air, corresponding to one air change per hr, and 60 .} 
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efm of recirculated air was continuously passed through the supplemental 
heater. A small flexible damper in each door allowed air to leave the 


room. The corridor and the instrument room were also maintained at 


72 F by separate electric heaters, and the attic was maintained at 60 F. 

Complete instrumentation for temperature measurement was pro- 
vided, consisting of approximately 600 thermocouples made of No. 24 B 
and S$ gage copper and constantan wires. In addition to those used to 
measure the temperatures of room air, duct air, floor surface, etc., a large 
number of thermocouples were placed in the soil and in the gravel and 
concrete under each room in a section perpendicular to the axis of the 
perimeter duct as indicated in Figs. 2 and 25. 

Fifteen heat-flow meters of the Boelter type”) were used for 
measuring the flow of heat to or from the floor surface. Eight of these 
were located in Room A where a detailed study was made of heat transfer 
at the floor surface. 

Instrumentation was also provided to measure the relative humidity, 
the electrical input to the supplemental room heaters, the duct-air 
velocities, the soil moisture contents, and the level of the water table 
under the building. 

Daily observations were made at 8:30 a.m. of all temperatures, duct- 
air velocities, indoor relative humidities, power consumption, and soil 
moisture content. Continuous records of outdoor, room-air, duct-air, and 
other critical temperatures were taken throughout the investigation. 

A schedule of the operating conditions maintained during the two 
heating seasons is given in Table 1. 


Table 1 
Operating Conditions for All Studies* 
Test Date of Series Primary Avg Duct- Avg Duct-Air 
Seriest Start | End Objectivet |Air Temp (F)| Velocity (fpm) 

ABCD-1 11/29/49 12/22/49 (1) 60 0 
ABCD-2 12/26/49 1/8/50 (2) 100 590 
ABCD-3 1/12/50 1/19/50 (2) 130 590 
ABCD-4 1/23/50 2/3/50 (2) 145 610 
ABCD-5 2/7/50 2/17/50 (2) 130 915 
ABCD-6 2/21/50 3/10/50 (2) 100 915 
ABCD-7 3/14/50 3/29/50 (2) 100 875 
ABCD-8 3/30/50 4/10/50 (1) 100. 375 
ABCD-9 4/11/50 4/17/50 (5) Varied 375 
BC-10 10/15/50 12/1/50 (4) Varied 175-350 
AB-11 12/1/50 12/20/50 (1) 60 0 
AB-12 12/24/50 1/3/51 3) PS, 150 
AB-13 11/7/51 1/30/51 (3) 130 150 
AB-13a 11/31/51 2/6/51 6) 130 150 
AB-14 2/9/51 2/5 fb. (3) 100 150 
AB-15 2/18/51 2/27/51 (3) 130 520 
AB-16 3/1/51 3/12/51 3) 130 600 
AB-17 3/16/51 3/25/51 (3) 140° 600 
BC-18 3/26/51 4/15/51 (4) Varied 90-350 


* Room-air temperature maintained at 72 F at the 30-in. level for all studies except BC-10 and BC-18 
where 82 F at the 30-in. level was maintained. p 
+ Letters ABCD refer to rooms used in study. Numbers refer to series sequence. 
{ The parenthesized numbers refer to the following objectives: 
Cs (1) Calibration for above-ground heat losses 

(2) Heat transfer from perimeter duct 
(3) Heat transfer from perimeter and feeder ducts 
(4) Air delivery into rooms through registers 
(5) Time lag and response study f F 
(6) Heat transfer from perimeter and feeder ducts (with rug in room A). 


Ill. SURFACE TEMPERATURES AND HEAT EMISSION FROM 
FLOOR SURFACE OVER PERIMETER DUCT 
6. Procedure 

A study was made of the floor-surface temperature distribution and 
the rate of heat emitted to the room by radiation and convection from 
various parts of the floor surface. The major phase of this study dealt 
with bare concrete floors, but a separate study of the effect of floor cover- 
ing on heat transfer from the floor surface was conducted in Room A. 

Some disagreement exists in the literature concerning the magnitude of 
the total heat emission from a heated floor surface. Although the floor 
slab heated with a perimeter duct exhibits temperature characteristics 
which differ from those of a fully heated floor, it should be possible to 
evaluate the heat emission characteristics and thereby ascertain the 
validity of the claims made in regard to the magnitude. For this purpose 
one analytical method (designated as Method A) and two experimental 
methods (designated as Methods B and C) were used: 

Method A. Application of empirical heat transfer equations — uti- 
lizing the measurements of room-air, floor-, ceiling-, and wall-surface 
temperatures and applying them to equations for radiation and natural 
convection 

Method B. Direct measurement — using heat-flow meters 

Method C. Application of a heat balance — equating the heat inputs 
from the floor surface and supplemental heaters with the above-ground 
heat losses. 

The experimental data utilized for Methods A and B were obtained 
during the periods listed in Table 2. The data for Method C were 
obtained throughout the two heating seasons. 


7. Floor-Surface Temperature Distribution 

Basementless homes built with concrete floor slabs laid directly on 
the ground are subject to cold floors, particularly around the periphery 
of the house, where the heat loss from the floor slab is greater than that 
through the center portion of the floor. Typical patterns of the floor- 
surface temperatures, the floor both heated and unheated, are shown in 
Fig. 4. The highest temperature was observed over the center of the 
perimeter duct. Furthermore, the floor-surface temperatures in the 
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peripheral area within 4 ft of the exterior wall were markedly increased 
by the presence of the heated perimeter duct. The temperature patterns 
of the heated floor such as are shown in Fig. 4 are affected by a number 
of factors; four are of major importance. 

(a) Outdoor Temperature. For a constant duct-air velocity and tem- 
perature, the change in floor-surface temperatures resulting from a change 
in outdoor temperature was small. For example, as shown in Fig. 4, the 
difference in floor-surface temperatures over the center of the duct was 


Table 2 
Studies Made with Heat-Flow Meters and Thermocouples in Room A 


Time of Test Avg Duct- | Avg Duct- Avg No. of Heat- 
Starting Total No. feed Air Temp | Air Veloc- Outdoor Flow Meters 
Date of Hr (F) ity (fpm) Temp (F) Installed 
1/11/50 ae ABCD-3 134 590 34.5 3 
1/31/50 72 ABCD-4 157 610 24.8 3 
3/2/50 24 ABCD-6 106 915 15.0 8 
3/24/50 24 ABCD-7 106 375 41.6 8 
3/29/50 24 ABCD-8 106 375 31.0 8 
{i 1:00 A.M. o* ABCD-9 107+ 375 39.0 8 
4/11/50 , 
12:30 P.M. O* ABCD-9 164f 375 40.5 8 
4/11/50 
5:00 P.M. o* ABCD-9 185} 375 33.0 8 
4/12/50 
5:00 A.M. Os ABCD-9 188} 375 25.5 8 
4/14/50 

vere A.M. o* ABCD-9 75 375 29.0 8 
4/15/50 
1/23/51 192 A-13 145 150 Sioa 8 
2/1/51 144 A-13a 145 150 15.5 8 


* Data taken with continuous recorder during transient heat-flow test. During this test the duct-air 
temperature was suddenly increased, allowed to level off and then rapidly decreased. 
+ Instantaneous temperatures. 


only 3 F for a change in outdoor temperature of 38 F. Smaller differences 
were observed in the center section of the floor. The lower temperature 
of the floor accompanying the lower outdoor temperature has been 
attributed to an increase in radiation heat transfer from the floor to the 
cooler surrounding surfaces. However, it should be noted that in an 
actual residence this reduction in floor-surface temperature would not 
occur, since the increased heat demand in cooler weather would auto- 
matically bring about an increase in duct-air temperature. 

(b) Duct-Air Temperature. For a constant duct-air velocity and out- 
door temperature the floor-surface temperatures were markedly affected 
by the duct-air temperatures. For example, the surface temperatures 
over the center of the duct (Fig. 5) increased 20 F when the duct-air 
temperature was increased by 50 F. The maximum surface temperature 
of 108 F was obtained with a duct-air temperature of 157 F. However, the 
recommended values for maximum allowable surface temperatures‘* are 
120 F for borders and aisles and 85 F for the remainder of the floor. 
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(c) Edge Insulation. Previous investigations” *) of unheated floors 
indicated that the use of edge insulation increased the temperature of 
the floor surface immediately adjacent to the exterior wall, but did not 
increase it in the middle of the room. A similar trend was observed in 
the present investigation with the floor heated by a perimeter duct as is 
shown in Fig. 4. 

(d) Duct-Air Velocity. Observations of floor-surface temperatures 
over the perimeter duct were made with various values of the duct-air 
temperatures, and average curves were drawn as shown in Fig. 6. To 
avoid confusion, only the observed values for 150 fpm and 600 fpm 
velocity have been included, but curves for 375 fpm and 915 fpm velocity 
are also shown. The scattering of points can be explained largely because 
constant outdoor temperatures did not prevail. In general the curves can 
be considered to represent an average outdoor temperature of 25 F. The 
fact that higher floor-surface temperatures were obtained with the larger 
values of duct-air velocities is in agreement with the predicted trends 
based upon considerations of heat transfer. That is, an increase in duct- 
air velocity would decrease the thermal resistance of the air film adjacent 
to the duct surface and hence would result in a higher floor-surface 
temperature as well as a higher rate of heat transfer to the room. 
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Fig. 4. Floor-Surface Temperature Patterns with Unheated and Perimeter-Heated Floors 


Bul. 412. HEAT EMISSION OF WARM-AIR PERIMETER HEATING DUCTS 19 


110 


ee lype_Lage_Insulation 
Koom A 


100 


%S 
8 


Floor ~ Surface jermperature, F 


Distance trot Outer Wall, Fr 


Fig. 5. Effect of Duct-Air Temperature upon Floor-Surface Temperature Pattern 


8. Method A — Application of Temperature Measurements to Empirical Heat 

Transfer Equations 

Method A involves the use of semi-empirical equations of heat 
transfer. Part (a) of this discussion refers to the radiation component, 
part (b) to the convection component of heat transfer, and part (c) to 
the total heat emission from the floor. In this study the heat flow from 
the floor surface was considered per unit area of floor surface along the 
center line of the room, perpendicular to the exposed wall. 

(a) Radiation. The transfer of heat by radiation can be expressed by 
the Stefan-Boltzmann equation: 


q,/A = 0.173 x 10-8 Fr F4 Weg 7 T*) (1) 
where 
q/A = heat loss by radiation to or from the floor, Btu per hr 
(sq ft) 


Fy =the emissivity factor, dimensionless. For a large en- 
closed body, or parallel planes, this is considered as 
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Fig. 6. Effect of Duct-Air Velocity upon Floor-Surface Temperature over Center of Duct 


1 a ene 
i i , where e; and é: are the emissivities of 


ak 


(Al (2) 
the emitting and absorbing surfaces respectively.® All 
surfaces were assumed to have an emissivity of 0.90, or 
a combined effective emissivity, /'z, of 0.82. 

F, =the configuration factor. This factor accounts for the 
shapes and relative positions of the emitting and ab- 
sorbing surfaces. 

« = absolute temperature of the emitting surface (F +460), 
Rankine 

T, = absolute temperature of the absorbing surface (F +460), 

Rankine 
The heat transfer by radiation can be calculated by considering the 
radiation exchange from the floor to each unheated surface, taking into 
account the shapes and relative positions of the surfaces involved in the 
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exchange. In this procedure each unit area of the floor is considered to 
be exposed to a mean radiant temperature which in turn is dependent 
upon the temperature of each of the surrounding surfaces and the in- 
cluded solid angle that the surface makes with respect to the unit area. 
This procedure is hereafter designated as the mean radiant temperature, 
or MRT, method. The heat emission by radiation from a unit area of 
the floor to the walls and ceiling can be expressed by the summation: 


Qr/A = drn/A + Qre/A + re/A + Qrw/A + Gre/A (2) 

The subscripts n, e, s, w, c refer to the respective north wall, east wall, 

south wall, west wall, and ceiling surfaces. In terms of Eq. 1 this becomes 
oi =.0/173 < 10° X 0.82 (Fa, (Tf — TY) + Fa (TA— TS!) + 

My ae Pade 0!) Ra TA T)| (3) 

The temperature, 7';, is the floor-surface temperature of each unit area. 

The configuration factor, F4, must be evaluated for each unit area of the 


floor with respect to each separate wall or ceiling surface. The values 
shown in Fig. 7 were determined by the graphical method of Hottel® and 
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Fig. 7. Configuration Factor, Fa, for a Line on the Floor Surface 
Perpendicular to the Center of the Outer Wall 
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were used with Eq. 3 for the determination of the radiant heat transfer 
component of the total heat flow at the floor surface. 

The preceding MRT method involves computations so tedious that a 
simpler procedure, designated herein as the AST method, is generally 
used. In this procedure the temperature of the absorbing surface, T,, is 
assumed to be equal to the weighted average surface temperature (AST) 
of the walls and ceiling. That is, 


tnAs = Leike = LAs + Lace Ue tA. (4) 


ADT ts An ae A pera 


where 

t = temperature of the unheated surface, F 
The value of AST thus obtained and converted to absolute temperatures 
replaces the temperature, T',, in Eq. 1. Also, a value of 1.0 is used for the 
configuration factor, F's. 

Both the MRT and the AST methods were applied to a specific con- 
dition for which the surface temperatures are shown in Fig. 8a. The 
resulting radiation components of heat transfer from the floor are shown 
in Fig. 8b. In general the MRT method produced higher results than did 
the AST method for the section of the floor studied. The largest deviation, 
which was only 2 Btu per hr (sq ft), occurred directly over the center of 
the perimeter duct. The deviation can be attributed to the fact that in the 
MRT method the large solid angle generated by the cold outer wall was 
taken into account, whereas in the AST method the temperature of the 
cold north wall was given the same weight as that for the warmer south 
wall and the configuration factor of both walls was considered to be the 
same. Since the MRT method gives precise results, it was used through- — 
out this analysis. 

(b) Convection. The convection component of total heat emission 
from the floor can be determined from semi-empirical equations which 
depend on experimental evaluation of the numerical constants. No single 
equation for heat transfer by natural convection from a_ horizontal 
surface to the air above has been unanimously accepted. Most of the 
equations have been reduced to the following simple form: 

q./A = Kon (5) 
where 
qe/ A = component of total heat emitted by natural convection, 
Btu per hr (sq ft) 

@ = temperature difference between the surface and the air, F. 
The point of measurement of the air temperature has not 
been clearly defined, but was assumed to be in the 
turbulent region immediately adjacent to the laminar 

layer that lies along the surface. 
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K and n are constants which depend on the following factors: 
(1) position of the surface (horizontal, vertical, etc.) 
(2) direction of heat flow (to or from the surface) 
(3) magnitude of the temperature difference 
(4) mean temperature of the air film 
(5) point of measurement of the air temperature 
(6) size of the surface 
(7) roughness of the surface. 

Table 3 lists a large number of values of K and n as reported by a 
number of investigators, together with some physical details of the 
original experimental studies. The objective of this investigation was to 
determine whether Eq. 5 was applicable to a floor surface with a nonuni- 
form temperature and under both steady-state and transient heat-flow 
conditions. 

The heat flow by natural convection at the floor surface was calcu- 
lated by means of each of the following equations: 


(1) For the section of floor warmer than the adjacent air 


q-/A = 0.81 61-2 (Wilkes and Peterson) (6) 
qe/A = 0.48 61-25 (Nusselt, Henky) (7) 
qe/A = 0.38 61-5 (Griffiths and Davis, McAdams) (8) 
q-/A = 0.28 61-3 (King) (9) 
(2) For the section of floor colder than the adjacent air 
qe/A = 0.38 61-0 (Wilkes and Peterson) (10) 
qe/A = 0.22 91: (Nusselt, Henky) (11) 
qe/A = 0.21 615 (Griffiths and Davis, McAdams) (12) 
qe/A = 0.15 61-33 (King) (13) 


In the range of floor-surface and room-air temperatures experienced 
with residential heating systems, the results obtained by the use of 
Jakob’s and Heilman’s equations produced essentially the same values as 
those by King’s equation. 

The room-air temperatures were measured at seven levels and at 
seven stations in the rooms. Because radiation effects may cause thermo- 
couple readings to be in error, preliminary observations were made which 
indicated that the small temperature differences existing between the air 
and surrounding surfaces produced a negligible error. Only those tempera- 
ture readings at the 1-in. and 3-in. levels were considered applicable in 
the convection equations. Such observations, illustrated in Fig. 8a for a 
cold day, showed a difference of no more than 1 F for any given 
station. The values of the temperature difference, 6, were obtained by 
subtracting the room-air temperatures at the 1-in. level from the tem- 
perature of the floor surface immediately below. 
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(c) Total Heat Emission. The convection Eqs. 6 — 13 individually 
were used in conjunction with the radiation Eq. 3 to obtain values of the 
total heat emission rate, qg:/A, at various distances from the outer wall. 
These values were plotted as shown by the four broken-line curves in 
Fig. 8c. Similar calculations of the total heat emission rate, utilizing the 
air temperatures at the 3-in. level for the evaluation of @ in Eqs. 6 — ie}, 
resulted in an increase of 1.4 percent over the center of the duct and a 
decrease of 2.0 percent at the center of the room. It can be concluded 
that for practical applications the air temperature at either the 1-in. or 
3-in. levels can be used in evaluating 6. 

A comparison of calculated results obtained by Method A with meas- 
ured results of Methods B and C is given in the following sections. 


Table 3 
Data for Heat Emission by Natural Convection from a Horizontal Plane Facing Upward 


Values of K and n* Size of Range of 
Name Ref Heat Flow Heat Flow Surface Used Surface es 9 
No. Upward Downward Length Width Temp ae (F) 
K n Kon (ft) (ft) |Used (F) v 
Original Investigators 
Wilkes, G. B. god 10 OV8E 112 0.38 1.00 8 2 80 5-17 
Peterson, C.M. 
Nusselt alah Orase— 1225 Of22 551.25 4-100 - 
and Henky 
Griffiths 12 0.388 1.25 O21) 1425 3-4 3-4 78-226 25-172 
and Davis 
Other Sources Referring to Same Data 
McAdams, W. H. 9 0238) 4 1525, OP 21 dks25) 3-4 3-4 78-226 25-172 
King, W. J. 13 OR2Siedess (0ee see Osis) 
Jakob, Max 14 0.275 1.33 0.14 £1.33 
Heilman, R. H. 15 O532) 1,27, ORG 27 


* Values of K and n are those in the equation: 7 = 


9. Method B — Heat Emission as Measured by Heat-Flow Meters 

The eight heat-flow meters in Room A were located on the floor 
adjacent to the temperature measuring stations and at locations 0.5, 0.83, 
1.25, 2, 3, 4, 5, and 6 ft from the outer wall. A confirmation of the meter 
calibrations furnished by the manufacturer was made at the end of the 
heating season. An additional calibration made on one of the meters by 
the National Bureau of Standards showed an agreement within 3 percent 
of the calibration supplied by the manufacturer. 

The results obtained with the heat-flow meters are shown by the 
solid-line curve in Fig. 8c. Both the calculated and experimental data 
as represented by the curves indicate an upward heat flow in the 
peripheral area of the floor and a small downward heat flow in the center 
area of the room. For distances greater than 2.5 ft from the outer wall the 
measured heat emission rates by the heat-flow meters were in excellent 
agreement with the calculated rates based upon the radiation Eq. 3 and 
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the convection Eqs. 6 — 13. For distances closer to the outer wall a good 
agreement was obtained between the measured and calculated values, 
particularly in the case of the application of King’s equation (9). The 
total heat emission rates calculated by means of the convection Eqs. 6 
and 7 were in only fair agreement with the measured rates, and were 
from 12 to 25 percent higher than the values of King. Since the King 
equation (9), and to some extent the McAdams equation (8), showed 
the best correlation with the measured results, all subsequent compari- 
sons were made with Eq. 9. 

The only noticeable discrepancy between the calculated and the 
measured heat emission curves of Fig. 8c was observed in that portion of 
the curve representing the heat flow from the floor immediately above the 
perimeter duct. Part of this discrepancy may be attributed to the radial 
pattern of heat flow from the perimeter duct, which produced a lower 
temperature differential across the hot and cold junctions of the thermo- 
pile in the heat-flow meters and consequently a reduced and fictitious 
value for heat flow. 

The data in Fig. 8c were obtained under steady-state conditions of 
heat flow. A supplemental study was conducted to determine the rates of 
heat emission from the floor surface under transient conditions of heat 
flow. Before the start of this study, both the velocity and temperature 
of the air in the perimeter duct were maintained at constant values. The 
heat input to the perimeter duct was then doubled, causing the duct-air 
temperature to rise from 107 F to 157 F in 1% hr. During this heating 
phase, the floor-surface temperature directly over the perimeter duct 
increased, attaining a rate of 8 F per hr approximately 1% hr after the 
heat input was increased. The increased heat input was maintained for 
several days until new steady-state conditions prevailed. The heaters 
in the electric furnace were then disconnected at the beginning of the 
cooling phase, and unheated air was circulated through the perimeter 
duct, thus causing a rapid reduction in duct-air temperature. The cooling 
rate of the floor surface above the perimeter duct was 14 F per hr about 
1% hr after the heaters were disconnected. 

During this entire study the outdoor temperature remained relatively 
constant between 30 F and 40 F. Measurements of temperature and heat 
flow were made during both the heating phase and the cooling phase, 
approximately 1% hr following the initial changes in duct-air tempera- 
ture. The measured rates obtained by heat-flow meters are shown as 
solid lines in Figs. 9a and 9b. As in the previous discussion, calculated 
rates of heat transfer incorporating values from Eqs. 3, 9, and 13 were 
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determined from the actual instantaneous temperatures. These calculated 
rates are shown as broken-line curves in Figs. 9a and 9b. A comparison 
of calculated and measured rates over the entire floor up to a distance 
within 144 ft from the exterior wall shows good agreement between 
theoretical and experimental results during these transient conditions. 


60 
nag’ e Method A, £gs. 3, J and 13 
he ° Method B, Heat Meters 
S 
N 
N 20 2 in’ L” Type Edge Insulation 
& O75: Tete Diter = Air keloctty 

' I 

x 40 F Outdoor Tener ire 
oy 
x 
Q-70 
L 
S 
8 60 
§ 
aS 
% 
x 40 
ae 
S 
a 

20 

0 
-10 


oO 7 a 3 4 a 6 
Distance trot Outer Wall, Fr 


Fig. 9. Heat Emission from Floor Surface under Transient Heat-Flow Conditions: 
(a) Heating Phase, (b) Cooling Phase 


10. Method C — Heat Flow as Determined by Applying a Heat Balance 

In both the calculated method (A) and the experimental method (B), 
the floor area under consideration was a center strip (only one unit in 
width) running from the outer wall to a point 6 ft from the wall. Further- 
more, with both methods it was possible to obtain a heat-flow pattern, or 
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gradient, of the types shown in Figs. 8c, 9a, and 9b. The integrated heat 
flow from this center strip of one unit width is represented by the area 
under the curves. If it is assumed that the heat-flow pattern of the center 
strip is an average pattern for all unit-width strips in the room, the 
integrated heat flow from the entire floor can be obtained by multiplying 
the integrated heat flow from the center strip by the number of such 
incremental areas included in the entire floor area. 

Since the actual heat losses through the walls and ceiling were offset 
by the heat gain from the heated floor and that from the supplemental 
heaters, as shown in Fig. 10, a method was available for evaluating the 
heat gain from the floor without recourse either to temperature measure- 
ments alone (Method A) or to direct measurements by means of heat 
meters (Method B). Specifically, the procedure designated as Method C 
involved a heat balance of the following sort: 

qp/ L = qa/L a q./L (14) 
where 

dp/L = Net heat emission from floor, or panel effect, Btu per hr 
(lin ft of exposed edge). In this study the net heat emission 
represents the heat emitted from a strip of floor 1 ft wide 
and 12 ft long perpendicular to the outer wall. 

Ya/L = Above-ground heat losses, Btu per hr (lin ft of exposed 
edge). The heat losses from the room included transmis- 
sion losses through the exposed walls and ceiling and the 
heat required to warm the incoming ventilation air. These 
grouped together are referred to as the ‘“‘above-ground 
heat loss.’”? This was determined by calibration of each 
test room; 8 in. of mineral wool insulation was placed on 
the unheated floors, and daily inputs to the supplemental 
heaters were recorded. The small amount of heat flow 
through this insulation’ was subtracted from the heat 
input to the supplemental heaters to obtain Q,. These 
values were found to be in close agreement with calculated 
heat losses. 

q./L = Heat input to supplemental heater during normal opera- 
tion of the room, Btu per hr (lin ft). 

The required data included daily records of outdoor, attic, ventilation, 
and room-air temperatures, and the electrical input to the supplemental 
heaters. These data were obtained throughout both heating seasons. 

The four factors that were shown to affect the temperature distribu- 
tion of the floor surface were also considered to affect the net heat emis- 
sion from the floor surfa@e ; they were therefore investigated in detail 
as shown in the following paragraphs. 
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(a) Duct-Air Temperature. The curve in Fig. lla, for an average 
duct-air velocity of 600 fpm, indicated that an increase in perimeter duct- 
air temperature resulted in a greater net heat emission from the floor 
surface. 

(b) Duct-Air Velocity. Data are also shown in Fig. lla for duct-air 
velocities of 150 fpm, 375 fpm, and 915 fpm. The greater heat emission 
rates resulting from the use of higher velocities were attributed to the 
reduction in thermal resistance of the inside air film of the perimeter 


Q, 


During Calibration of Roorms: 
Q4= Q; — Loss Through 8° Insulation on Floor 


Qp=O0 


During Test Period: 
Q@p= ,— Qs 


Fig. 10. Designation of Terms Used in Method C 


duct. The negative heat emission rates, as shown by the few points in 
Fig. lla, were obtained with the combination of low duct-air tempera- 
tures and low velocities. These negative rates occurred when the heat 
emitted from the section of floor over the perimeter duct was not suffi- 
cient to offset the downward heat loss in the remaining area of the floor. 

(c) Outdoor Temperature. The scattering of the points representing 
a fixed duct-air velocity and temperature was due partly to the effect 
of outdoor temperature. For example, the group of eleven points indicated 
by the open circles in the right-hand part of Fig. 1la was obtained for 
a range of outdoor temperatures varying from 15 F to 45 F. In order to 
show the effect of outdoor temperature alone — that is, with constant 
duct-air temperature and velocity — these eleven points were replotted 
as shown in Fig. 11b. The fact that the heat emission rate increased as 
the outdoor temperature increased has been attributed to the smaller edge 
losses and the accompanying higher floor-surface temperatures over the 
perimeter duct. It should be kept in mind that the trend shown in Fig. 
11b is not directly applicable to the normal operation of a perimeter 
heating system in a residence because a constant, rather than a variable, 
duct-air temperature has been maintained. 
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Fig. 11. Net Heat Emission from Perimeter Duct as Affected by 
(a) Duct-Air Temperature, (b) Outdoor Temperature 


(d) Edge Insulation. While the application of insulation at the edge 
of the slab raised the temperature of the floor at the extreme outer edge 
a slight amount, and hence resulted in a slight increase in heat emission, 
the increase was not of great consequence. However, as is shown in 
Chapter VI, the edge insulation was effective in reducing the magnitude 
of heat loss outward through the edge, and increasing the temperature 
of the air delivered to the room through the registers. 

The data in Fig. 11b provide a means for comparing the results ob- 
tained by Method C with those obtained by Method A. The solid circles 
in Fig. 11b represent the heat emission rates based on Method A. They 
were determined by integrating the area under curves of the type shown 
in Fig. 8c. By having the curves drawn through the points for Method (3 
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and then applying the points for Method A, the rates thus obtained 
by these two methods were found to be in good agreement. Furthermore, 
similar comparisons at other duct-air temperatures and velocities showed 
equally good agreement. 


11. Effect of a Floor Covering 

The preceding discussion was based on the heat emission from bare 
concrete floors. There has been much speculation as to the effect exerted 
on the rate of heat emission by the application of a floor covering on a 
heated floor. In general the application of any floor covering should 
reduce the rate of heat emission from the floor, because of the additional 
thermal resistance. However, when rugs or carpets are used, the possi- 
bility has been suggested that the floor covering might increase the heat 
emission by convection because of the additional surface added by the 
many fibers in the rug or carpet. 

For this phase of the investigation a wool carpet and pad were selected 
which had the following physical properties: 


Car pet Pad 
Material Woolen Felt Jute 
Size, ft 9x12 8.75 x 11.75 
Weight, lb 26.7 25.0 
Thickness, in. 3% 3 


The carpet and pad were placed on the floor of Room A, with the edge 
of the carpet flush with the outer wall. The study was conducted during 
Series A-13a (Table 2) with the duct-air temperature and velocity 
maintained as in Series A-13 with a bare concrete floor. The heat-flow 
meters remained on top of the concrete floor and were therefore below 
the carpet and pad. 

Typical heat emission curves for both bare and carpeted floors under 
similar conditions of operation are shown in Figs. 12a and 12b. The 
application of the carpet caused a marked decrease in the rate of heat 
emission from the heated floor near the duct and little difference in 
downward heat flow in the center section of the room. The net rate of 
heat emission of the bare concrete floor, as determined from the area 
under the curve in Fig. 12a, was 37 Btu per hr (lin ft), whereas the rate 
for the carpeted floor was 21 Btu per hr (lin ft). For a constant duct- 
air velocity and temperature, therefore, the application of a carpet and 
pad to the floor surface reduced the net heat emission approximately 45 
percent. While this percentage reduction in heat emission was large, heat 
delivery to the room of a residence equipped with a perimeter heating 
system would not be seriously affected. As has been mentioned (page 9), 
only a part of the total heat is emitted through the floor surface and into 
the room, the rest being delivered from the registers. As a matter of fact, 
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Fig. 12. Comparison of Heat Emission from (a) Bare Concrete Floor, (b) Carpeted Floor 


the system has self-balancing characteristics, since any reduction in heat 
emission from the floor surface would be partly compensated by an in- 
crease in register heat delivery. 

Comparison of the curves in Fig. 12a for the bare concrete floor also 
shows good agreement between the experimental results obtained by 
direct measurements of heat flow (Method B) and those obtained by the 
application of temperature measurements to the proper heat transfer 
equation (Method A). In the studies in which the floor was covered with 
a carpet (Fig. 12b), the calculated results were slightly greater than those 
obtained by direct measurement. The discrepancy was probably due to 
difficulties in obtaining a true measurement of the carpet-surface temper- 
ature. For this purpose the thermocouples were taped to the carpet surface 
and probably gave temperature readings that were slightly high.2® 
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12. Summary of Heat Emission Characteristics over Perimeter Duct 

The following discussion applies specifically to a perimeter duct 
installation consisting of an 8-in. diam galvanized-iron duct embedded in 
concrete and located with the center 6 in. below the floor surface and 
8 in. from the outer wall. None of the air flowing through the perimeter 
duct was discharged into the room. 

The perimeter duct embedded in the concrete floor around the pe- 
riphery of the building supplied heat to the floor over an area 3 to 4 ft 
wide. Increases in duct-air temperature, duct-air velocity, outdoor tem- 
perature, and amount of edge insulation increased both the floor-surface 
temperatures and the amount of heat emitted from that area. One of the 
limiting features of any floor heating system is the magnitude of the 
floor-surface temperatures experienced. In this connection the ASHVE 
Guide‘ recommended 120 F as the maximum floor-surface tempera- 
ture for floor areas at the border of a room. Results of this investigation 
indicated that in order to obtain a floor-surface temperature of 120 F 
an average perimeter duct-air temperature in excess of 180 F would have 
been required. However, since current practice”) in warm air heating 
of residences utilizes a maximum bonnet-air temperature of only 165 F 
at design conditions, little danger exists of attaining floor-surface tem- 
peratures as high as the 120 F recommended as a maximum. 

Three independent methods for determining the heat emission rates 
from a floor surface were investigated. In Method A both the radiation 
and convection components of heat transfer from the floor surface were 
separately calculated by means of available equations. The radiation 
component, as defined by the Stefan-Boltzmann equation, was de- 
termined by two different procedures. The mean radiant temperature 
(MRT) method of calculating the radiation heat transfer provided 
slightly higher results (1.4-2.0 percent) than did the average surface 
temperature (AST) method. The convection component of heat transfer 
was determined by means of eight empirical equations, four of which 
applied to the section of the floor warmer than the room air and the 
rest to the section of floor cooler than the room air. The calculated heat 
flow using the King equation for convection and the Stefan-Boltzmann 
equation for radiation was found in excellent agreement with the experi- 
mental determination of heat flow by use of heat-flow meters (Method B). 

The calculated values of Method A using both the King and Stefan- 
Boltzmann equations were also found to be in good agreement with the 
total heat emission from the floor surface as determined by a heat 
balance (Method C). It was concluded that the King equation for 
natural convection and the Stefan-Boltzmann equation for radiation 
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provided means for predicting, from known temperature measurements, 
the heat emission from a perimeter-heated floor. 

For practical design purposes an average curve has been presented to 
correlate the net heat emission from the floor with the average duct-air 
temperature. In this study the net heat emission represents the heat 
emitted from a strip of floor one ft wide and 12 ft in length perpendicular 
to the outer wall. For average duct-air temperatures of 120 F, 130 F, and 
140 F the corresponding net heat emission rates were 28, 39, and 50 Btu 
per hr (lin ft of exposed edge). For rooms other than 12 ft wide a 
correction for a downward heat flow must be made. If the room is over 
12 ft wide the correction amounts to —2 Btu per hr (ft of width); for 
rooms less than 12 ft wide it amounts to +2 Btu per hr (ft of width). 
Putting a carpet and pad over the floor resulted in heat emission rates 
which were approximately one-half of those for the bare floor for the same 
conditions of duct-air temperature and velocity with the same type of 
edge insulation. 

The magnitude of the heat emission from a perimeter duct to the room 
can be best shown from an example. Consider the case of a 24-ft x 32-ft 
residence having a peripheral length of 112 ft. A perimeter heating 
system for such a residence which maintains an average perimeter duct- 
air temperature of 140 F would develop a net heat emission, or panel 
effect, of about 5600 Btu per hr. This panel effect from the perimeter 
duct alone would be supplemented by the heat gain from the radial- 
feeder ducts leading from the subfloor plenum to the perimeter ducts. The 
magnitude of the panel effect from the feeder ducts would depend on 
the arrangement and lengths of the feeders. The total heat emission 
from both the perimeter and the radial-feeder ducts would represent a 
considerable portion of the total heat required to offset the heat loss 
from the structure. The balance of the total requirements would be 
offset by the heated convection air discharged from the registers. Any 
reduction in the heat emission from the floor surface by the application 
of carpeting would be partly offset by an increase in the convection heat 
delivery through the registers. 

Also, it is of interest to note that in the example mentioned above, 
a heated floor area 3 ft wide extending around the entire periphery repre- 
sents 37.5 percent of the total floor area. When consideration is given to 
the additional floor area heated by the feeder ducts, over one-half of the 
floor area of the small residence would be serving as a floor panel. Strictly 
speaking, therefore, the warm-air perimeter heating system can be classi- 
fied as a convection-panel system. 


IV. SURFACE TEMPERATURES AND HEAT EMISSION FROM 
FLOOR SURFACE OVER FEEDER DUCT 
13. Procedure 

In a conventional perimeter heating system, embedded feeder ducts 
are used to connect the subfloor plenum, located below the furnace, and 
the perimeter duct. Whenever possible the feeder ducts are connected to 
the perimeter ducts at the corners of the building. Since the feeder ducts 
are not directly adjacent to the cold outer walls, the heat emission char- 
acteristics should differ from those of the perimeter ducts discussed in 
Chapter III. Hence this chapter presents specific information both on 
the magnitudes of floor-surface temperatures and on the rate of heat 
emission (panel effect) from the floor over the feeder duct. 

For the 1950-51 heating season the floor of the corner room, D, was 
provided with a feeder duct, as shown in Fig. 13. A separate furnace, 
No. 2, supplied warm air to the feeder duct, which was pitched upward 
from the subfloor plenum under the furnace to the tee fitting at the corner 
of the room. The pitch of the sloping feeder duct was 1 in. per 5 ft and 
was intended to provide a more uniform floor-surface temperature over 
the duct. The two outlet ends of the 8-in. diam tee fitting were con- 
nected to the perimeter duct with 45-deg elbows. In these studies the 
duct-air velocities were maintained at 500 fpm, 750 fpm, and 900 fpm 
while the duct-air temperatures ranged from 100 F to 160 F. The meas- 
urements’® of floor-surface temperatures were made at intervals along 
the thermocouple sections which are shown in Fig. 13. 


14. Measured Floor-Surface Temperatures 

Any changes in either the duct-air temperature or the duct-air 
velocity affected the floor-surface temperatures over the feeder duct in a 
manner similar to that observed over the perimeter duct. That is, the 
floor-surface temperatures increased when either duct-air temperature or 
duct-air velocity was increased. The effect of outdoor conditions on the 
floor-surface temperatures over the feeder duct was small, slightly lower 
temperatures occurring in colder weather as a result of the increased 
radiation heat transfer between the floor and the colder exterior surfaces. 

A typical pattern of floor-surface temperatures over the feeder duct 
and adjoining perimeter duct is shown in Fig. 14a. The isotherms, repre- 
senting lines of equal floor-surface temperatures, are nearly parallel over 
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the feeder duct, indicating a practically constant pattern of floor-surface 
temperatures for a length of duct of about 10 ft. This uniformity might 
seem to be contrary to anticipated results, since the duct-air temperature 
decreased with distance from the furnace and the floor-surface tempera- 
ture would be expected to follow the same trend. However, in the case of 
the duct arrangement shown in Fig. 13, where a gradual reduction in 
thickness of concrete over the duct was used, the effect of the decrease 
of the duct-air temperature with distance was apparently compensated 
for by a reduction in the thermal resistance of the concrete above the 
duct. Over the perimeter duct, however, where a constant thickness of 
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Fig. 13. Feeder Duct Location: (a) Plan View, (b) Cross-Section View 


2 in. of concrete was used between the duct and the floor surface, the 
isotherms indicate a definite decrease in floor-surface temperature with 
distance. An increase in floor-surface temperatures over the junction of 
the feeder and perimeter ducts was also observed. This increase was at- 
tributed not only to the increased air turbulence in the fittings, which 
tended to reduce the surface film resistance of the duct wall, but also to 
the concentration of heat flow from both the feeder and perimeter ducts 
in the corner of the room. 

The thickness of concrete between the floor surface and the sloping 
feeder duct affected the floor-surface temperatures over the duct as 
shown in Fig. 15. For a duct-air temperature of 145 F at the entrance 
of the test section, Station 8, the temperature of the duct air leaving the 
test section at Station Q was found to be 139.5 F. The corresponding floor- 
surface temperatures at S and Q were found to be 92.8 F and 95.8 F. 
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That is, the floor-surface temperature over the duct increased slightly 
as the distance from the furnace was increased. As far as the floor-surface 
temperatures were concerned, therefore, the effect of the decrease in duct- 
air temperature with distance was more than offset by the effect of the 
reduction in thickness of concrete over the duct. When the entering duct- 
air temperature was approximately 115 F, the compensating effects were 
equal and the floor-surface temperatures over the center of the duct were 
85 F from S to Q. 


15. Calculated Floor-Surface Temperatures 
The experimental results described in this bulletin were obtained with 
a duct system consisting of an 8-in. diam feeder duct or an 8-in. diam 
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perimeter duct, arranged as shown in Figs. 2, 3, and 13. Since additional 
experiments with other duct sizes and arrangements, though perhaps de- 
sirable, were not conducted, it was necessary to provide methods of 
estimating the performance of such systems from a theoretical analysis 
of the arrangements actually studied. This phase of the analysis is con- 
fined to the calculation of floor-surface temperatures together with a 
comparison of the calculated and measured values. 

The heat flow from the duct air to the room air along any of the paths 
a-a’, b-b’, c-c’, and d-d’ shown in Fig. 16 can be expressed by the 
equation 


gj/A= a 


(15) 


q/A = heat flow per unit area of duct surface, Btu per hr (sq ft) 
ta = mean duct-air temperature, F 


t; = room-air temperature, F ; 


’ Btu per hr (sq ft) (F) 
: 1 
s = floor-surf lm r ee 
R oor-surface film resistance, Bi perhe acct 
x. = thickness of concrete along path of heat flow a-a’, b-b’, etc., 
in. 


Ry; = duct-surface film resistance 


k, = thermal conductivity of concrete, assumed to be 12 Btu 
per hr (sq ft) (F per in. of thickness) 

Along any heat flow path the rate of heat flow through the duct- 
surface film is the same as that through the concrete and through the 
floor-surface film; that is, the following modifications of Eq. 15 are 
identities: 

lish lip bp be te bs tge—ate 
Rg. oy ay ee ee he (16) 
Khe R; ae k. + His 


where 
ty = duct-surface temperature, F 
t, = floor-surface temperature, F 
One method of determining the floor-surface temperature consisted 
of equating 


(ta — t,) = (ta — ty) + (ty — te) + (t, — t,) (17) 
and substituting appropriate terms from Eq. 16 to obtain 
Rita ++ t, (R; Si ) 


Xe 
ts ke 


: (18) 


R,+ Ry + ke 
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Fig. 15. Effects of Duct-Air Temperature and Thickness of Concrete on the 
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Fig. 16. Cross Section of Duct 


In this case the floor-surface temperature was expressed as a function 


of duct-air and room-air temperatures. 
The values obtained by means of Eq. 18 were independently con- 


firmed by the use of a second equation, which was derived from the 
first two parts of Eq. 16 as follows: 


t-te (19) 
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In this equation it was necessary to use measured values of the duct 
surface temperature, which were available for the installation under 
investigation but which may not be available for any other arrangement. 

For both Eqs. 18 and 19 the resistance of the duct-surface film, Ry, 
was determined from the following empirical equation: 


et 
0.8 0.33 
-samer Ger) GS) (20) 


where 

h. = unit thermal conductance by convection, Btu per hr (sq ft) (F) 

D = cylinder diameter, ft 

k = thermal conductivity of air, Btu per hr (sq ft) (F per ft 

thickness) 

uw = fluid viscosity, lb per hr (ft) 

G = fluid mass velocity, lb per hr (sq ft) 

Cp = specific heat at constant pressure, Btu per lb (F) 
Also, the resistance of the floor-surface film, R,, was determined by 
means of the King equation for natural convection (qg,) and the Stefan- 
Boltzmann equation for radiation (q,) as follows: 


t; — t; 


R, = —————_ 21 
aa (21) 
A A 
je ae (22) 
. 0.28 (¢, — #,)-88 +- 0.173 < 10-* X 0.82 (T,4 — T;*) 
where 


T, = absolute temperature of floor surface, (460 + ¢,), Rankine 
T. = absolute temperature of absorbing surfaces exposed to floor 
(460 + 68), Rankine. A value of 68 F was assumed, which 
compared favorably with the actual average surface tempera- 

ture that was experienced. 
The calculated resistances of the duct-surface film, the concrete, and the 
floor-surface films are shown in Fig. 17. These data were used in Eq. 18 


for determining the floor-surface temperatures directly over the center 
of the feeder duct. 


16. Comparison of Measured and Calculated Floor-Surface Temperatures 
The calculated values for a duct-air velocity of 500 fpm, shown by 
the three broken-line curves in Fig. 18, can be compared with those 
obtained experimentally, as shown by the solid-line curves. In all cases 
the calculated floor-surface temperatures were slightly higher than the 
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Fig. 17. Thermal Resistance of (a) Duct-Air Film, {b) Concrete between Duct 
and Floor, (c) Floor-Surface Film 


measured values, a discrepancy that increased as the thickness of concrete 
between the duct and the floor surface was increased. This deviation 
was attributed to the fact that Eqs. 15, 16, and 18 were based on the as- 
sumption that parallel heat flow existed between the duct and room air, 
whereas a nonparallel flow actually existed, as indicated by the heat- 
flow lines b-b’, c-c’, and d-d’ in Fig. 16. 
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Considering the assumptions made in the derivation of Eq. 18, the 
calculated values of the floor-surface temperatures were In reasonably 
good agreement with the experimental results. 


17. Heat Emission from Floor Surface over Feeder Duct 

The floor-surface temperature, as shown by the profile in Fig. 14b, 
reached a maximum value directly over the duct, decreased rapidly on 
both sides, and approached the temperature of the room air at a distance 
of 2—3 ft from the duct. Thus the feeder duct supplied heat to the room 
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Fig. 18. Comparison of Calculated and Measured Floor-Surface Temperatures 
over Center of Feeder Duct 


from a strip of floor about 5 ft wide throughout its entire length. The 
total rate of heat emission from the floor surface over the feeder duct was 
calculated by means of the King equation for natural convection and the 
Stefan-Boltzmann equation for radiation, as discussed in Section 8. The 
rate varied from 35 to 110 Btu per hr (lin ft of feeder duct), depend- 
ing primarily on the duct-air temperature and to some extent on duct-air 
velocity, depth of feeder, and outdoor temperature. The rate of heat 
emission from the floor per ft of feeder duct was about 70 percent greater 
than that shown in Fig. 1la for each ft of perimeter duct with the same 
duct-air temperature and velocity. 
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18. Summary of Surface Temperatures over Feeder Duct 

The magnitude of the floor-surface temperatures over the feeder duct 
was dependent on the mean duct-air temperature, duct-air velocity, and 
depth of feeder duct. For a given combination of duct-air temperature 
and duct-air velocity, a uniform floor-surface temperature was attained 
by sloping the feeder duct upwards from the furnace to the tee fitting 
with a pitch of 1 in. per 5 ft. A floor-surface temperature of 85 F over 
the center of the duct was observed along its entire length when the en- 
tering duct-air temperature was 115 F and the duct-air velocity was 
500 fpm. These duct-air conditions are representative of those for an 
average winter day in this locality. In colder weather (-10 F outdoor) 
the floor-surface temperatures were about 98 F near the subfloor plenum 
and about 105 F near the end of the feeder duct. The floor area having a 
surface temperature in excess of 85 F was limited to strips less than 2 ft 
wide over the feeder duct. 

Values of the temperature of the floor surface directly over the center 
of the feeder duct were calculated on the basis of parallel heat flow 
through a uniform thickness of concrete. For this calculation the total 
resistance to heat flow from the duct air to room air was considered to 
be composed of (1) duct-air film resistance, (2) resistance of concrete, 
and (3) room-air film resistance. The calculated surface temperatures 
were about 2.5 — 5.0 F higher than the measured values. Since the actual 
paths of heat flow were not parallel, the calculated and actual surface 
temperatures can be considered to be in good agreement. 

The feeder duct for the distribution of warm air from the subfloor 
plenum to the perimeter duct provided heat to the floor over an area 
about 5 ft wide. The rate of heat emission from the heated floor to the 
room varied from 35 to 110 Btu per hr (lin ft of feeder duct), depend- 
ing primarily on the duct-air temperature. For the same duct-air temper- 
ature and duct-air velocity, the rate of heat emission from the floor was 
about 70 percent greater than that for the perimeter duct. 


V. TEMPERATURE DROP OF AIR FLOWING THROUGH 
EMBEDDED DUCTS 


19. Procedure 
Between any two stations in the duct surrounded by a medium at 
lower temperature a decrease in the average temperature of the air 
stream occurs; this is referred to as the “temperature drop.” In the design 
of a perimeter heating system an evaluation of the temperature drop 
is useful for determining (1) the rate of heat flow through the duct sur- 
face to the room and to the ground, and (2) the enthalpy (heat content) 
of the air flowing into the rooms through the various registers. The dif- 
ference in enthalpies between stations can be calculated from the average 
temperature and average velocity of the air stream, provided that tem- 
perature profiles and velocity profiles at each station are similar.“® The 
typical temperature and velocity profiles shown in Fig. 19 indicated that 
the corresponding patterns were similar and that the enthalpy deter- 
minations could be made from the average values at each station. 
The factors which affect the temperature drops in the embedded ducts 
may be grouped thus: 
(a) Characteristics of the ducts and immediate surroundings 
(1) Length, size, and shape 
(2) Material, such as galvanized iron and vitrified tile 
(3) Depth below floor surface 
(4) Construction surrounding ducts, such as placement and con- 
ductivities of edge insulation, gravel, concrete, etc. 
(b) Characteristics of the outer environment 
(5) Air movement and temperature within the room 
(6) Weather conditions 
(7) Ground temperatures, moisture content, and moisture move- 
ment 
(c) Air flow characteristics within the duct 
(8) Average temperature 
(9) Average velocity 


For the investigation of temperature drops, items 1 through 5 were main- 
tained constant and the effects of items 6 through 9 were investigated. 
The duct-air temperatures were observed at the temperature stations 
designated in Fig. 2 as A-0 through D-20, and in Fig. 13 as D’-0 
through D’-24. In each room the number 0 refers to the reference station 
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Fig. 19. Typical Duct-Air Temperature and Velocity Profiles in Perimeter 
Duct under Room C Insulated with 1-in. L-Type Edge Insulation 


and the numbers 5, 10, 14, 19, 20, and 24 refer to the linear distances 
(ft) measured from the reference stations. At each station nine ther- 
mocouples were placed in a grid so that the thermocouples were located 
in the centers of equal concentric areas. Duct-air velocities were meas- 
ured by means of a standard Pitot tube and 20-point traverse at the 
seven stations shown in Figs. 2 and 13. 


20. Theoretical Analysis 
The enthalpy of the air stream at any station in the embedded 


ducts can be evaluated by the equation: 
= m (0.24t + Wh.) (23) 
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> 
| 


= enthalpy of the duct air, Btu per hr 
weight of dry air circulated, lb per hr—which is equal to 
velocity (v) X area (A) X weight density (o) X 60 
t = temperature, F 
W = humidity ratio of moist air, lb of water vapor per lb of dry air 
hy = specific enthalpy of condensed water at standard pressure, 
Btu per lb of water. 
If a temperature difference exists between Stations 1 and 2 in a 

section of duct, the decrease in the enthalpy of the air stream may be 
approximated by 


~ 
3 
= 

l| 


Ah = 0.24m (t = te) (24) 


The use of this simplified equation, in which the difference of the 
enthalpy of water vapor has been omitted, gave values of Ah that were 
within 1 percent of the true differences in enthalpy. For the results 
discussed in this bulletin, therefore, Eq. 24 was used. 

Between Stations 1 and 2 in the duct the enthalpy degrease is 
equal to the lateral heat loss from the duct to the outer environment, 
which in the case of the feeder duct would be the room air and the ground 
and in the case of the perimeter duct would be the room air, the ground, 
and the outdoor air. This can be expressed by the equation 

LA 


Ah = R (ta — te) (25) 
T 
where 
L = length of duct between Stations 1 and 2, ft 
A = surface area, sq ft per lin ft of duct 


Rr = total thermal resistance of the materials surrounding the 


duct, u 
Btu per hr (sq ft) (F) 


ta = mean duct-air temperature, = 


ty + to EF 

t. = equivalent temperature of surrounding heat sinks, F. 
This was determined by weighting the temperatures of the 
ground (¢,), the outdoor air (¢,), and the room air (t,), pro- 
portional to the rate of heat flow. The latter distribution was 
determined by a graphical method which is discussed in See- 
tion 28. For the types of floor and edge constructions shown 
in Figs. 3 and 13b the values of ¢, were found to be: 


t, = 0.55 t, + 0.35t, + 0.10t, (Fig. 3a) 
te = 0.57 t, + 0.34t, + 0.09t, (Fig. 3b) 
t. = 0.62t, + 0.30 t, + 0.08 t, (Fig. 3c) 
t. = 0.58 t, + 0.33 t, + 0.09 t, (Fig. 3a) 
t, = 0.75t, + 0.25t, (Fig. 13b) 
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In the case of the Floor Slab Laboratory the temperature of 
the ground, t,, measured at a depth of 20 ft was found to be 
practically constant at 58 F. Combining Eqs. 24 and 25 shows 
that the temperature drop is . 


LA 


(41 — tb) = “0.24m Re (tata) (26) 


The total resistance, Rr, can be considered as the sum of the duct- 
air film resistance, R;, and the combined resistance of the other sur- 
rounding materials, R,, or 


Rr = Ry + R, (27) 
where , 
R; = duct-air film resistance, Binpadtreqtnih) 
IR = 


combined resistance of es Bes surrounding duct such as 


concrete, gravel, etc., BruperheGeainy) 
The duct-air film resistance, Rs, can be calculated by the use of Eq. 
20 in Section 15. 
For given mean duct-air, outdoor, room-air, and ground tempera- 
tures and type of construction, Eq. 26 can be written as follows: 


m (ty = &) (Ry + Be) = Ge a = b) (28) 
and 
m’ (hi! — t!) (Ry! +R.) = Se (a — te) (29) 


where m and m’ refer to two different rates of weight flow. It may be 
noted that the film resistance, R;, will be affected by the difference in 
flow rates but that the term R, is considered to remain unchanged. 
Hence for the constant conditions of mean duct-air, outdoor, room-air 
and ground temperatures, 

m’ (ty’ — ty’) (Ry + R,) = m (hh — te) (Ry + B,) (30) 
or 


(31) 


WH) = 6-0) GHEE) 


LA (tate) 
h k , R,, can be replaced b = , and Eq. 
oa “ er (i, — te) Ry] 
31 can be expressed in terms of the constant and measured quantities 
in the form 


(ty’ a te’) = 


LA (tg —-te) 


LA (ta — ta) 

/ ees) 
MEE [ Bs Pia dee = th) 
From Eq. 32 the effect on the temperature drop by a change in velocity, 


and hence in flow rate, m, can be calculated. It may be observed that the 


(32) 
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new temperature drop can be obtained from the original temperature 
drop and the difference in calculated values for the film resistances. 
Similarly, the effect of changes in temperatures of outdoor air, 
eround, or room air on the temperature drop for a given duct-air velocity 
and mean duct-air temperature can also be determined from Eq. 26 as 
(tr =the ats LA 


= 33 
(ta vac te) 0.24m Rr ( ) 

and 
Cpet el se eel i 7 
(ta = ie? ms 0.24m Rr (3 ) 

or 
! IX t= pee (ta ase te’) 

Kl sta) Us ioe (35) 


Hence a new temperature drop can be obtained from the original temper- 
ature drop and the revised value of t-, which in turn is dependent upon 
the temperatures of the surrounding heat sinks. 

Comparisons of the calculated temperature drops as obtained from 
Eqs. 32 and 35 were made with the experimental results and will be 
discussed in the following sections. 


21. Temperature Drop in Feeder Duct 

For a constant duct-air velocity and outdoor temperature, and for a 
given type of construction, the temperature drop was found to increase 
as the mean duct-air temperature was increased. The magnitude of this 
effect is shown by the curve in Fig. 20a for a velocity of 500 fpm; the 
solid line represents an average of the experimental data. For example, 
consider a 10-ft section of duct through which warm air is delivered at 
a velocity of 500 fpm and at a mean duct-air temperature of 110 F. The 
data shown in Fig. 20a indicate that the decrease in duct-air temperature 
was at an average rate of 0.4 F per ft of duct, or 4 F for the 10-ft section. 
In other words, the air would enter this particular section of duct at 
112 F and leave it at a temperature of 108 F. Had the mean duct-air 
temperature been 150 F the total temperature drop through the 10-ft 
section would have been 7 F —that is, the entering and exit temper- 
atures of the duct air would have been 153.5 F and 146.5 F, respectively. 
For this reason, the curves were extrapolated to this value to provide 
information that would be of direct use in the field. 

The calculated temperature drops in the feeder duct for duct-air 
velocities of 300 fpm, 750 fpm, and 900 fpm are shown as broken-line 
curves in Fig. 20a. The calculated values were obtained by substituting 
in Eq. 32 the observed data for a velocity of 500 fpm. The experimental 
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Fig. 20. Rate of Temperature Drop in Feeder and Perimeter Ducts 
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results actually obtained at duct-air velocities of 750 fpm and 900 fpm, 
represented by the plotted points, show good agreement with the curves 
based on the calculations. Both the calculated and the experimental 
results indicated that larger temperature drops occurred with a decrease 
in duct-air velocity. 

The temperature drop in the feeder duct was undoubtedly affected to 
some extent by such variables as outdoor weather conditions, ground 
temperatures, ground moisture content, and distance from outer walls. 
None of these variables was individually large enough to affect the 
temperature drop. However, the cumulative effect of the variables un- 
doubtedly contributed to the scattering of the data shown in Fig. 20a. 


22. Temperature Drop in Perimeter Duct 

For a duct-air velocity of 600 fpm each of the four curves shown in 
Fig. 20b is an average representation of the observed data for four types 
of edge construction. For a duct-air velocity of 150 fpm the experimental 
data are indicated by the plotted points, whereas the calculated tempera- 
ture drops based upon Eq. 32 are represented by the two curves. As in 
Fig. 20a, excellent agreement was obtained between experimental and 
calculated results for this velocity. In all cases an increase in temperature 
drop occurred when the mean duct-air temperature was increased. 

The four curves in the lower part of Fig. 20b show a comparison of 
the effectiveness of various amounts of insulation at the edge of the floor 
slab. The application of 2-in. L-type edge insulation reduced the temper- 
ature drop of the air stream approximately 35 percent as compared with 
that for the uninsulated floor. The use of either type of 1-in. edge insula- 
tion produced almost identical temperature drops, which were approxi- 
mately 20 percent lower than those for the uninsulated floor. 

Much of the scattering of data in Fig. 20b may be attributed to the 
variations in outdoor temperature. As indicated in the theoretical analysis, 
the calculated temperature drops for a given duct-air condition and type 
of edge construction could be made by means of Eq. 35 for various values 
of te which, in turn, could be determined for assumed values of outdoor 
temperature, ¢,. Such calculated temperature drops for a number of out- 
door temperatures were compared with the observed temperature drops 
and were found to be in good agreement. Hence considerable confidence 
was placed in the validity of Eq. 35 as well as of Eq. 32. These two 
equations were therefore used in later analyses for determination of 
design data beyond the limitation of the conditions experienced. 


23. Temperature Drop in Fittings 

An analysis of the temperature drops between the inlet and the outlet 
of the fittings indicated that the 45-deg elbow and tee combinations 
produced a drop equivalent to that for a 10-ft length of feeder duct. 
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Similarly, a 90-deg elbow used in a section of perimeter duct produced 
a temperature drop equivalent to that obtained in a 3-f{t straight section 
of perimeter duct. 


24. Design Data for Temperature Drops 

The results of the temperature-drop study are presented in a more 
immediately useful manner in Fig. 21 for the feeder duct, in Fig. 22 for 
the perimeter duct with the 2-in. L-type edge insulation, and in Fig. 23 
for the perimeter duct with 1-in. vertical edge insulation. To illustrate the 
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Fig. 21. Temperature Drop in Feeder Duct 


application of these data, consider an example of a perimeter-heated 
residence in which the furnace delivers air to the feeder ducts at a 
temperature of 165 F under a design outdoor condition of —10 F. The 
air flows at a velocity of 300 fpm through 15 ft of feeder duct to a 
combination 45-deg elbow and tee fitting. At that point the velocity of 
the air is reduced to 150 fpm as the air travels through 10 ft of perimeter 
duct embedded in a floor slab provided with 2-in. L-type edge insulation. 
Data are desired on the duct-air temperature at the beginning of the 
perimeter duct and at the entrance to the register. 


mi 
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Fig. 22. Temperature Drop in Perimeter Duct Insulated with 2-in. L-Type Edge Insulation 
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Fig. 23. Temperature Drop in Perimeter Duct Insulated with 1-in. Vertical Edge Insulation 
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The total equivalent distance from subfloor plenum to the beginning 
of the perimeter duct was 25 ft—15 ft of feeder duct and 10 equiv- 
alent ft for the 45-deg elbow and tee fitting. From Fig. 21, which 
is based upon a plenum temperature of 165 F, it is evident that the 
duct-air temperature at a total distance of 25 ft will be about 141 F. The 
data in Fig. 22 show that for a duct-air velocity of 150 fpm and an 
outdoor temperature of —10 F the duct-air temperature of 141 F inter- 
cepts the curve at a distance of 11 ft. At a distance of 21 ft (the initial 
11 ft and the 10-ft length of the perimeter duct) the intercept with the 
curve occurs at a duct-air temperature of 127 F. This is the temperature 
of the air leaving the perimeter duct and entering the register. 

The mean air temperature in the feeder duct of 153 F was determined 
_ from the plenum-air temperature of 165 F and the temperature of 141 F 
at the tee fitting. This mean air temperature used in conjunction with 
Fig. 24 gave a value of 1480 Btu per hr heat emission from the floor 
surface over the feeder duct. Similarly, the mean air temperature in the 
perimeter duct of 1384 F was determined from temperatures at the tee 
fitting and the register, and a heat emission rate of 350 Btu per hr was 
obtained. The register-air temperature of 127 F was used in conjunction 
with Eq. 24 to obtain a register delivery of 2910 Btu per hr. Hence it 
may be observed that the design curves of Figs. 21, 22, and 23 together 
with the heat emission curve of Fig. 24 provided sufficient information 
to estimate the heat delivery from the register as well as from the feeder 
and perimeter ducts. 


25. Summary of Air Temperature Drop in Embedded Ducts 

The temperature drop of the duct air was defined as the decrease in 
the average temperature of the air as it flowed between any two stations 
in the duct. Each of the following factors decreased the magnitude of the 
temperature drop when the remaining factors were maintained constant: 

(a) Lower mean duct-air temperatures 

(b) Higher duct-air velocities 

(c) Higher outdoor temperatures 

(d) Application of edge insulation. 

As far as the temperature drop in the feeder duct is concerned, only 
items (a) and (b) were found to have a major effect. On the other hand, 
all four items affected the temperature drop in the perimeter duct. For 
a known relationship between temperature drop and duct-air tempera- 
ture the values of temperature drop could be calculated for other veloci- 
ties and for different outdoor temperatures. Such calculated values were 
found to be in good agreement with experimental results. 

Several fittings commonly used in perimeter heating systems were 
studied and the difference between entering and exit temperatures was 
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Fig. 24. Total Heat Emissions from Feeder and Perimeter Ducts 


reported in terms of temperature drop for equivalent straight sections. 
A 45-deg elbow and tee combination produced a drop equivalent to that 
of 10 ft of feeder duct. A 90-deg elbow used in a section of perimeter 
duct produced a temperature drop equal to a 3-ft straight section of 
perimeter duct. 

For practical application, curves were developed to determine the 
magnitude of the temperature drops in the feeder duct as well as in the 
perimeter duct insulated with 1- and 2-in. thicknesses of edge insulation. 


VI. HEAT LOSSES FROM FLOOR SLAB 


26. Procedure 

Previous investigations by Dill™ and Bareither® on the heat losses 
from unheated concrete floor slabs gave floor losses ranging from 40 to 
75 Btu per hr (lin ft of exposed edge), the amount depending on the type 
and amount of edge insulation. In a small home this floor loss would 
constitute approximately 10 to 20 percent of the total heat loss. When 
the outer edge of the floor is heated, as is done with a perimeter heating 
system, even larger floor losses can be anticipated. Hence, adequate floor 
insulation is mandatory in order to avoid excessive fuel consumption. 

Several methods are available for insulating concrete floor slabs 
laid directly on the ground. Insulation of the entire underside of the 
floor slab is seldom used unless the entire floor is to be heated, since the 
heat loss in the center section of the building is relatively small.“) With 
a perimeter heating system, therefore, it is sufficient to insulate only the 
outer edge of the floor slab. The insulation can be applied either vertically 
down the inside face of the foundation wall to a reasonable depth or 
turned under the perimeter duct in the form of an L. The type of edge 
construction is usually determined by the builder after he has given 
consideration to the installation costs and the materials available. 

A large number of thermocouples were placed in the soil and gravel 
in a section perpendicular to the axis of the perimeter duct and at the 
center of the outer wall of each room. These thermocouple sections are 
indicated on the floor plan of Fig. 2; a typical one is shown in Fig. 25. 

This phase of the investigation was undertaken to determine both the 
magnitude and the direction of heat flow from the perimeter duct. The 
rate of heat flow through the foundation wall to the outdoor air and the 
rate of heat flow into the ground were of particular importance. These 
heat flows, referred to as “slab edge loss” and “ground loss” respectively, 
would always be unavailable for heating the room. 

This study was conducted during the 1949-50 heating season with the 
types of construction shown in Figs. 3a, 3b, and 3c. The construction 
shown in Fig. 3d was used in Room B during the 1950-51 season. The 
study of the heat losses for the construction shown in Fig. 3a was 
repeated in 1950-51 in order to provide a norm for the data obtained 
during the two seasons. Warm air was circulated continuously through 
the perimeter duct at a constant entering duct-air temperature and 


55 


56 ILLINOIS ENGINEERING EXPERIMENT STATION 


constant duct-air velocity during each of the series of studies listed in 
Table 1. After the completion of a given series of studies, changes were 
made in duct-air temperature or velocity and four days were allowed 
for the ground conditions to stabilize. The results of the time-lag study, 
discussed in Chapter VII, indicated that a four-day interval was sufficient. 


Ds es Vhermocouple Location 


Fig. 25. Location of Slab and Ground Thermocouples under Room A 


27. Determination of Losses by Heat-Balance Method 

The heat flow from the surface of the perimeter duct is transmitted 
by conduction along three principal paths. Part of the heat is conducted 
from the surface of the perimeter duct to the floor above, is then trans- 
ferred to the room air and surrounding surfaces by convection and 
radiation, and finally flows to the outdoor air as part of the usual trans- 
mission or infiltration heat losses. The remainder of the heat is 
conducted from the duct either downward to the ground (ground loss), or 
outward through the foundation wall to the outdoor air (slab-edge loss). 

The heat flow along the three paths can be considered as parallel 
heat flow from a single source, and hence the magnitude of the heat flow 
along any one of the paths will affect the heat flow along the remaining 
paths. For example, if the heat flow from the duct to the room is altered 
by a change in the room-air temperature, not only the heat flow to the 
room but also the heat flow to the slab edge and to the ground will be 
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changed. In order to maintain room conditions typical of those in actual 
practice, a room-air temperature of 72 F was maintained by a supple- 
mental heater in each room. 

Two independent methods were available for study of slab-edge and 
ground losses — the heat balance method and the flow diagram method. 

In the heat balance method, the heat emitted from the floor surface 
was subtracted from the total heat loss from the perimeter duct. The 
remainder, which is the sum of the ground loss and the slab-edge loss, is 
referred to as the “subfloor loss.” The subfloor loss could be evaluated 
from the following equation: 


q./L = 4/L — q,/L (36) 
where 
q-/L = Subfloor loss, Btu per hr (lin ft of exposed edge) 
q./L = Total heat gain from perimeter duct, Btu per hr (lin ft) 
= 60 vA pCp (ty my to) (37) 
where 
v = Duct-air velocity, fpm 
A = Area of duct, sq ft 
p = Air density, lb per cu ft 
Cp = Specific heat of air, 0.24 Btu per lb (F) 
(t; — tg) = Temperature drop of duct air, F per lin ft, determined 
from Figs. 22 and 23 
dp/L = Heat emitted to the room through the floor, Btu per hr 
(lin ft), determined from Fig. 24. 

The subfloor losses for various types of edge construction based on 
an average outdoor temperature of 25 F and 600 fpm duct-air velocity 
are shown in Fig. 26. These curves show a definite reduction in the sub- 
floor loss by the application of edge insulation. For example, as compared 
with the results of the uninsulated slab, the subfloor heat loss was re- 
duced about 25 percent by the application of both the vertical insulation 
and 1-in. L-type insulation, and 50 percent by 2-in. L-type insulation. 

The values shown in Fig. 26 are for specific combinations of operating 
conditions and hence are not applicable to conditions which differ widely 
from those stated. The effects of varying the duct-air velocity, duct-air 
temperature, and outdoor temperature can be readily determined from 
the available data. A summary of the calculated values obtained for a 
wide range of conditions is presented in Table 4. For purposes of com- 
parison the values obtained from Fig. 26 for the 2-in. edge insulation and 
at a duct-air temperature of 130 F are shown as case 1, item j. The 
separate effects on the subfloor losses of the duct-air velocity, outdoor 
temperature, and duct-air temperature are shown as item j for cases 2, 
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3, and 4 respectively. As compared with the results for case 1, a decrease 
in duct-air velocity or duct-air temperature was also accompanied by a 
decrease in the subfloor loss. On the other hand, a decrease in outdoor 
temperature resulted in a substantial increase in the subfloor loss. Under 
design conditions of —10 F outdoor temperature, the duct-air tempera- 
ture would be of the order of 130 F and the air-flow rates in the perimeter 
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Fig. 26. Subfloor Heat Losses for Four Types of Edge Construction 


duct would fall within a range of 50 — 200 cfm depending on the number 
of registers served by a given section of perimeter duct. Under these 
design conditions the subfloor losses would fall within the range of 60 — 
91 Btu per hr (lin ft), as shown in item j, cases 3 and 5. For practical 
design purposes a mean value of 75 Btu per hr (lin ft) is suggested for 
a —10 F outdoor temperature, as shown in the second column of Table 5. 

Similar derivations of subfloor losses are shown in Table 5 for other 
outdoor design temperatures and also for the 1-in. vertical edge insula- 
tion. The subfloor losses for a warm-air perimeter heating system can be 
estimated, therefore, by multiplying the appropriate values from Table 5 
by the lin ft of exposed edge in the given installation. 
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Table 4 


Effect of Controlled Variables on Subfloor Heat Loss 
————— SSE eee 


Item | Case 1 | Case 2 | Case 3 | Case 4 | Case 5 
: eed Variables 
a. Duct-air velocity, fpm 600 150* 
b. Duct-air flow rate, cfm 209 52 oe 30S 1s 
e. Duct-air temperature, F 130 130 130 100 130 
d. Outdoor temperature, F 25 25 —10 25 —10 
e. Edge insulation, type 2-in.L 2-in.L 2-in.L 2-in.L 2-in.L 


Temperature Drops and Heat-Flow Rates 
f. Duct-air temperature drop, F/ft 


(from Fig. 20b) 0.44 1.15 0.54 0.22 
zg. Total heat loss, gt/L (from Eq. 36) 89 58 109 47 173 
h. aaa qp/L (from Fig. 24, 


q. 
j. Subfloor loss, g/L (from Fig. 26, 
Eq. 36) 51 26 91 41 60 


* Italicized values used as an illustration in the text. 


28. Determination of Losses by Flow-Diagram Method 

In the flow-diagram method, heat-flow lines were developed from 
isothermal (constant-temperature) lines, which in turn were based upon 
the temperatures of the duct and adjacent materials. A comparative 
analysis of the heat-flow lines for each type of construction provided 
a means for determining the distribution of the heat flow among the 
three main paths. 

From the temperatures observed at each of the stations shown in 
Fig. 25, heat-flow diagrams were developed by first plotting lines of equal 
temperature, or isothermal lines, for temperature increments of 5 F. 
These are shown as solid lines in Fig. 27. The steep temperature gradient 
in the edge insulation is illustrated in Figs. 27a, 27b, and 27c by the close 
proximity of the isothermal lines in the insulation. 

After the isothermal lines were drawn it was possible to construct 
heat-flow lines that indicated the direction of heat flow from the 
perimeter duct through the floor, through the edge insulation, and 
through the ground and by-passing the edge insulation. Furthermore, by 


Table 5 
Subfloor Heat Losses for Two Types of Edge Construction* 


2-in. L-Type 1-in. Vertical 
Outdoor Design i a a Edec. eae 
48 t F ig. 3a hig. 
ee Subfloor Heat Loss* Subfloor Heat Loss* 
a OE ———————eEeEEE————E————— ee 
25 40 55 
10 55 75 
0 65 85 
—10 75 95 
—20 85 105 


* Expressed in Btu per hr (lin ft of exposed edge). These values are for a 
room width of 12 ft. For rooms over 12 ft wide, add 2 Btu for each additional 
ft of width to the above values. 
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Fig. 27. Heat Flow Diagrams (parts a and b) 


Bul. 412. HEAT EMISSION OF WARM-AIR PERIMETER HEATING DUCTS 61 


| Room - Air, 72.0 F 
>< 


GO GS ma &5 80 
N, 


Outdoor, 204 F 


AN 


é) 
lin, Vertical Ldge Insulation 
koorm B (19§0- $57) 

Duct-Air velocity, (50 pr 


Rootn - Air, 71.6 F 


90_ 65 60 


Outdoor, Z8.0 F 


@) 
Uninsulated Ldge 
Room B (1949-50) 


Duct-Air Velocity, 600 tprm 
AN 7 Dg 
/ 
“ 


Fig. 27. Heat Flow Diagrams (parts c and d) 
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means of the following procedure, the flow lines were spaced to depict 16 
paths of equal heat-flow rates: 

(a) A selection was made of two additional isotherms, one F apart, 
that were near the heat source (perimeter duct). 

(b) The total area enclosed by these isotherms was divided into 16 
paths“ of equal heat flow. 

(c) From the boundaries of these 16 areas, heat flow lines were con- 
structed so that all isotherms were intersected at a 90-deg angle. 


The heat-flow lines thus constructed are shown as broken lines in 
Fig. 27, from which an evaluation could be made of the relative merits 
of the different methods of applying edge insulation. From a comparison 
of the heat-flow diagrams for the uninsulated edge (Fig. 27d) with 
each of the diagrams for the insulated constructions (Figs. 27a, 27b and 
27c), the following can be observed: 


(a) The application of insulation reduced the heat loss through the 
upper part of the foundation wall. However, this decrease was partly 
compensated for by an increase in heat flow through the lower portion of 
the foundation wall. In other words, the addition of a high-resistance 
material near the exposed part of the foundation caused the heat flow to 
seek a round-about path through less resistant materials. 

(b) The L-type insulation would be improved by extending the hori- 
zontal insulation further under the slab. Similarly, for the 1-in. vertical 
insulation the application could be improved by the use of a depth of 
insulation greater than 18 in. 


A quantitative analysis could also be made of the heat flow from 
the perimeter duct to the room, to the ground, or through the insulation. ~ 
The space between two adjacent heat-flow lines represents 4%, of the 
total heat emitted from the perimeter duct. Hence, by counting the 
number of such spaces that terminate on the floor surface, the proportion 
of the total heat emission that is transmitted to the floor surface can be 
estimated. For example, in the case shown in Fig. 27a of the floor with 
2-in. L-type insulation, approximately 634 spaces out of the total of 16 
spaces terminated at the floor surface. This represented 42 percent of the 
total heat conducted away from the duct. Similarly, the 434 spaces show- 
ing heat flow through the insulation were equivalent to 30 percent of the 
total. The remaining 4% spaces indicated that 28 percent of the total 
heat emission entered the ground and by-passed the insulation. These 
percentages, as well as similar values for the three other types of floor 
construction, are listed in Part A of Table 6. Considering the wide 
differences in edge construction, the variations in the percentage values 
for a given item were not large. 


Bul. 412. HEAT EMISSION OF WARM-AIR PERIMETER HEATING DUCTS 63 


However, the percentage values alone do not afford a fair means of 
comparison of the effectiveness of various edge insulations, since the 
enthalpy of the air entering the duct was not the same for the four 
types of edge construction. The only fair comparison, therefore, is for the 
ease in which identical enthalpies at the entrance of the perimeter 
duct are maintained. An example showing the application of the percent- 
age values to a specific case is given in Part B of Table 6. In this example 


Table 6 
Distribution of Heat Flow from Perimeter Duct for Four Types of Edge Construction 


Type of Edge Insulation 


Item 2-in.L 1-in.L 1-in. Vertical None 
(Fig. 3a) (Fig. 3b) (Fig. 3d) (Fig. 3c) 
Part A—Percentages of Heat Flow by Conduction from Duct 
1. Heat gain into room 42 39 Sh 32 
2. Heat loss through edge insulation 30 37 22 0 
3. Heat loss by-passing edge insulation 28 24 41 68 
4. Total 100 100 100 100 
Part B—Heat Distribution in 10-ft Section of Perimeter Duct (Btu per hr) 
5. Enthalpy of air entering* 2940 2940 2940 2940 
Haat Garin TO Room 
6. Enthalpy leaving duct 2370 2310 2280 2180 
7. Panel effect from floor 240 246 244 243 
Heat Lossgs 
8. Through edge insulation 171 233 145 0 
9. By-passing edge insulation 159 151 oH fa 517 


* Based upon the following conditions: 
(1) 130 F duct-air temperature 
(2) 150 fpm duct-air velocity 
(3) —10 F outdoor 
(4) 72 F indoor 


an enthalpy at the entrance of a 10-ft section of perimeter duct 
(item 5) was assumed to be 2940 Btu per hr for each of the four con- 
structions. The enthalpy of the air leaving the 10-ft section (item 6) 
was determined from the temperature drops shown in Fig. 20b. The dif- 
ference in these enthalpies represented the total heat flow from the 
duct by conduction. The percentages given as items 1, 2, and 3 of Table 
6 could then be applied to the enthalpy difference to obtain items 7, 
8, and 9. In this example, the subfloor loss (item 8 + item 9) was 330 
Btu per hr for the 2-in. L-type insulation, or 11 percent of the entering 
enthalpy. Similarly, the subfloor loss for the 1-im. vertical insulation 
was 416 Btu per hr. The ratio of the subfloor losses for the two types of 
construction was 416/330, or 1.26, which compared favorably with the 
ratio determined by the heat balance method and shown in Table 5. 


29. Application of Data 

In Chapters III, IV, and V, information was presented on the rate of 
heat emission from the floor surface as well as the temperature drop of 
the air flowing through the embedded ducts. This information together 
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with the data presented in Chapter VI on subfloor heat losses can be 
applied to a practical problem as shown by the following example. 

Consider the case of the room shown in Fig. 28 where the feeder duct 
is connected to the perimeter duct at the outer corner of the room and 
where registers are located under the windows. The details of its heat 
distribution are tabulated below. 


Item Value Method of Determination 

1 Above-ground heat loss 13,000 Btu/hr Assumed 
2 Subfloor loss 2,000 Btu/hr Table 5 
3 Total loss 15,000 Btu/hr Item (1) + Item (2) 
4 Duct-air velocity in Item (3) 

feeder duct 420 fpm Area x 60 x 0.075 x 0.24 (165—70) 
5 Duct-air velocity in 

perimeter duct 210 fpm Item (4) + 2 
6 Duct-air temperature at 

register B in Fig. 28 145 F Fig. 21 
7 Duct-air temperature at 

register C in Fig. 28 137 F Fig. 22 
8 Duct-air temperature at 

register E in Fig. 28 138 F Fig. 22 
9 Heat emitted from floor 

over feeder duct 1,600 Btu/hr Fig. 24 


10 Heat emitted from floor 
over perimeter duct. 


between C and E 500 Btu/hr Fig. 24 
11 Heat emitted from 
register C 5,300 Btu/hr (Area) (Item 5) x 1.08 [(Item 7) — 70] 
12 Heat emitted from 
register 1} 5,400 Btu/hr (Area) (Item 5) x 1.08 [(Item 8) — 70] 
13 Total heat gain into 
room 12,800 Btu/hr Sum of Items 9, 10, 11, 12 
. _ Panel effect Item (9) + Item (10) 
ee We Total room loss Obes Item (13) + Item (2) 
. _ Register input 2 Item (11) + Item (12) 
ey Total room loss Ne Item (13) + Item (2) 
.__ Subfloor loss Item (2) 
bons Total room loss oes Item (13) + Item (2) 


For a given design outdoor temperature (—10 F), the heat loss of this 
room depends on the construction used. For relatively poor construction 
in which neither wall insulation nor storm sash is used, the design heat 
loss for above-grade construction could be as large as 13,000 Btu per hr 
(see item 1 in tabulation above). Assume also that a 2-in. L-type edge 
insulation is used along the 27-ft perimeter. The design subfloor heat loss 
as determined from the values in Table 5 would amount to 27x 75, or 
about 2000 Btu per hr. 

The methods used for determining the remaining items are explained 
in the right-hand column of the table. The panel heating effect from the 
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embedded ducts (items 9 and 10) amounts to 2100 Btu per hr, or only 
14.2 percent of that required to offset the total room loss. This value 
was based on the assumption that the feeder duct supplied air only to 
registers C and E. Had it supplied air to additional registers beyond C 
and HE, as would be done in a normal installation, an additional panel 
effect from surfaces E-F and C-D would result in a slightly higher per- 
centage. The heat emitted from the registers amounted to 10,700 Btu 
per hr, or 72.3 percent. (In this discussion all percentages are stated in 
terms of room loss under design conditions.) 
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Fig. 28. Example Showing Application of Data 


Similar calculations for a room which has wall insulation and storm 
sash and for which the total heat loss was only 7500 Btu per hr gave 
values of 21 percent and 55 percent for the panel heating effect and 
register inputs respectively. Although the examples shown are for a 
specific combination of duct sizes and duct construction, the range of 
14 — 21 percent for the panel effect and 72 — 55 percent for the register 
input should be indicative of the performance of warm-air perimeter 
heating systems in general. 
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The fact that the subfloor loss is of the order of 14 — 24 percent does 
not imply that these relatively large values can be attributed entirely 
to the use of the perimeter type of warm-air heating system. Calculations 
of the subfloor loss for a conventional type of warm-air heating system, in 
which the floor slab is provided with 2-in. L-type edge insulation but is 
unheated, indicate that the values range from 8 — 16 percent for the two 
types of building construction mentioned previously. In other words, the 
warmer floors obtained with the perimeter system would increase the 
total heat loss about 7 percent as compared with that for a conventional 
heating system. 


30. Summary of Heat Losses from Floor Slab 

The heat conducted from the surface of the perimeter duct resulted 
in a heat gain into the room and in heat losses through the foundation 
wall to the outdoor air and to the ground. The subfloor heat loss was 
found to be a function of duct-air temperature, duct-air velocity, outdoor 
temperature, and type of edge insulation. The subfloor loss was decreased 
by a reduction in either the duct-air temperature or duct-air velocity, 
or by an increase in outdoor temperature. Of the four types of edge in- 
sulation investigated the 2-in. L-type insulation produced the best results. 
A comparison of the results for the 1-in. L-type insulation with the 1-in. 
vertical insulation indicated little difference in the subfloor heat losses. 
The uninsulated floor slab produced subfloor heat losses approximately 
twice as large as those for the slab with the 2-in. L-type insulation. 
Hence the use of an uninsulated floor slab is not reeommended for warm- 
air perimeter heating installations. Practical design values of the subfloor 
heat losses for the 2-in. L-type insulation and the 1-in. vertical insulation ~ 
are given in Table 5. 

A qualitative analysis of the various methods of applying edge in- 
sulation was made by a study of heat-flow diagrams. The study indicated 
that a 2-in. thickness of edge insulation was adequate, that the applica- 
tion of L-type edge insulation could be improved by extending it further | 
under the slab, and that the application of vertical edge insulation could 
be improved by extending it to a greater depth. 

From an application of the data obtained in this investigation, indi- 
cations were that the distribution of total heat flow in a perimeter heating 
system would be as follows: the subfloor heat loss from 14 — 24 percent, 
the panel effect from 14—21 percent, and the register inputs from 
72 — 55 percent, depending upon the construction used. Calculations in- 
dicate that the warmer floors obtained with the perimeter system would 
increase the total heat loss about 7 percent over that for a conventional 
system in which heat is not introduced into the floor. 


Vil. HEAT TRANSFER LAG AND RESPONSE OF THE MASS 
SURROUNDING THE PERIMETER DUCT 


31. Heat Transfer Lag 

When an element of a heating system such as an embedded duct is 
surrounded by a large mass, considerable time is required to heat the 
mass, which could result in a system having a “flywheel effect.” 

The heat-transfer lag at any point in the mass can be considered as 
the time required to detect a temperature change at the point following a 
change in temperature at the heat source. For example, in the case of a 
perimeter duct, the heat-transfer lag at any point in the mass surround- 
ing the duct is the time required for a sudden change in duct-air tempera- 
ture to be reflected by a change in temperature at the point. 

In order to determine the heat-transfer lags, a perimeter duct-air 
temperature of 107 F and a duct-air velocity of 375 fpm were maintained 
for several weeks. The input to the electric furnace was then suddenly 
doubled and continuous observations were made of the temperature of the 
mass of concrete and earth surrounding the perimeter duct. The heat 
transfer lags as thus determined are shown in Fig. 29a. 

The heat-transfer lag of the ground below the duct was large — of the 
order of 12 hr at a distance of 2 ft from the duct. The lag of the floor 
surface was a variable, having a minimum value of approximately 10 
min at a point directly over the duct and increasing in magnitude with 
distance from the duct. The values shown in Fig. 29 were obtained with a 
constant room-air temperature of 72 F. Values for a case in which the 
room-air temperature is rising, as would occur during the heating period 
~ of a cold room, would probably be less than those given in Fig. 29a. It 
should be realized that the heat-transfer lags merely indicate when the 
start of the temperature rise will occur, but not the time required to 
approach a final steady-state temperature. 


32. Time of Response 

A better indication of the time required for the temperature rise to 
be substantial and for the floor surface to become effective as a heating 
panel is provided by Fig. 29b. The time of response of the mass surround- 
ing the perimeter duct can be considered as 63.2 percent of the total time 
required for the temperature of the mass to change from its initial to its 
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Fig. 29. Heat Transfer Lag and Time of Response 


final value. The value of 63.2 percent was derived from Newton’s law of 
cooling, which states that the rate of temperature change of the mass 
is proportional to the difference in the final and instantaneous temper- 
atures, or 


—— = —(r-2) (38) 

where 

t = Instantaneous temperature, F 

@ = Instantaneous time, hr 

\ = Lag coefficient, hr 

7 = Final temperature of the mass, F 
Equation 38 can be solved as a linear differential equation, which 
results in 


t) = 1—e7¢!/s (39) 
where 
t’ = Instantaneous temperature expressed as a ratio of the difference 
t— TO 


in final and initial temperature of the mass, or t/ = emerTS 
oat) 
tT) = Initial temperature of the mass, F 
The lag coefficient, 4, can be determined from a time-temperature curve 
for any point in the mass because when ¢ = A, then t’ = 0.632. Thus, the 
lag coefficient is equal to the time required for a 63.2 percent change in 
temperature to occur. The values of A are shown in Fig. 29b. 
From the time shown in Fig. 29b the impression might be obtained 
that the flywheel effect of a warm-air perimeter heating system is so large 
that the system is unresponsive to sudden changes in heating demand. As 
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indicated previously, however, the heat emission from the floor panel is 
a relatively small proportion of the total heat emission from a typical 
warm-air perimeter system equipped with registers. In other words, a 
substantial proportion of the heat loss from the house is offset by con- 
vection input to the rooms through the registers. Hence, in spite of the 
large times of response shown in Fig. 29b, actual experience’ in a home 
provided with a perimeter system and a conventional room thermostat has 
shown that no difficulty was found in the control of room-air temperatures. 


Vill. EFFECT OF WINDOWS ON TEMPERATURES 
WITHIN ROOMS 
33. Procedure 

The effect of windows on the temperatures within the heated space 
was investigated in rooms having window areas equal to 0, 10, 20, and 30 
percent of the floor area. The multiple light windows, which had an 
opening size of 44 in. x 66 in., were double-hung and weatherstripped. The 
effect of the outdoor temperature on the mean radiant temperature in the 
center of the room, the floor-surface temperature distribution, and the 
room-air temperature differentials was observed. 

For these studies, which were conducted in Rooms A, B, C, and D, the 
duct-air velocity was maintained at 600 fpm and the duct-air temper- 
atures were maintained between 111 F and 126 F. Air was not introduced 
into the rooms from the duct. A constant room-air temperature of 72 F 
was maintained in each room at the 30-in. level by means of the supple- 
mental heaters. The studies with a thermo-integrator™®’ were made with 
the instrument located at the 30-in. level in the center of the room. Obser- 
vations were made at night or on overcast days and only after the ther- 
mo-integrator was in thermal equilibrium with the surroundings. 


34. Results with Various Sizes of Windows 


In previous investigations’? conducted in Research Residence No. 1, — 
the air temperatures near the floor were shown to be influenced by the 


rate and temperature of the cool air descending along the window as a 
result of convection and infiltration effects. For example, the temperature 
difference from breathing level to floor level was decreased one F when 
storm sash were applied to the windows. 


In the Floor Slab Laboratory the room-air and room-surface tempera- | 


tures experienced in a room without windows are shown in Fig. 30. The 
isotherms depicting the room-air temperatures indicate the presence of a 
mass of cool air at the outer wall near the ceiling. As the cool air moved 
downward it was tempered by the rising convection currents from the 
heated floor slab. In the center of the room the room-air temperatures 
were much more uniform, with a temperature differential from the floor 
level to the ceiling level of less than 0.5 F. 

When windows were installed the temperature differential in the 
center of the room increased slightly. In the room having a window area 
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equal to 20 percent of the floor area the temperature differential between 
the 3-in. and 30-in. levels was 1.4 F. Such values, which were obtained 
at an indoor-outdoor temperature difference of 40 F, increased slightly 
as the outdoor temperature decreased. The corresponding temperature 
differentials between the 30-in. level and the ceiling level were only 0.3 F 
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Fig. 30. Air Temperature Profiles in Room without Windows 


when no windows were used and only 0.6 F with the windows in place. In 
any case the differentials from floor to ceiling, even with windows in use, 
were comparatively small, probably as a result of rising convection cur- 
rents from the heated floor which would tend to counteract the descending 
air currents from cool wall and window surfaces. 

To some extent the floor-surface temperatures in the room would be 
influenced also by the rate and temperature of the cool air descending 
along the windows into the lower part of the room. This influence, how- 
ever, should be relatively small in comparison with the predominant 
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effects of duct-air velocity and duct-air temperature in the perimeter and 
feeder ducts. Actual measurements of floor-surface temperatures indi- 
cated that at a distance of 6 ft from the exposed walls the temperatures 
were essentially the same whether windows were used or not. At a dis- 
tance of 4 ft from the exposed walls the floor-surface temperatures de- 
creased slightly as larger window areas were used. Immediately over 
the perimeter duct the floor-surface temperatures were affected by the 
duct-air temperature, and the small difference between the variations 
in window areas was largely obscured. It was concluded, therefore, that 
in general the presence of windows had relatively little effect on the 
floor-surface temperatures in the rooms. 

Theoretically, with a constant room-air temperature the use of larger 
window surfaces would result in a decrease in the mean radiant tempera- 
ture of a body exposed to the influence of the surrounding surfaces. In 
an attempt to determine this decrease by means of a nonsubjective in- 
strument, a study was made with a thermo-integrator. Although the 
observed data indicated a trend toward such a decrease when large 
window areas were used, and also the influence of a change in the out- 
door temperature, the scatter of data were such that exact comparisons 
were not possible. 

The relatively small changes observed in room-air temperature 
differentials, floor-surface temperatures, and mean radiant temperatures, 
even with the installation of large amounts of glass surface, were ascribed 
partly to the effectiveness of the panel-convection effects from the perim- 
eter duct and feeder duct. The confirmatory evidence® obtained in 
Research Residence No. 3 with a warm-air radial-feeder perimeter-loop | 
heating system indicates that the results obtained in the Floor Slab Labo- 
ratory were representative of those from an actual field installation. 


IX. AIR DELIVERY INTO ROOMS THROUGH REGISTERS 


35. Procedure 

The discussion thus far has dealt with the air circulation through 
embedded ducts without the introduction of the air into the rooms. How- 
ever, in order to evaluate the performance of a perimeter heating system 
from the standpoint of air temperatures and air velocities within the 
room, it was considered desirable to study an arrangement in which the 
air was introduced into the rooms through registers. In these studies three 
general types of registers were investigated: 

(a) Floor registers of types in common usage 

(b) Baseboard register 

(ec) Continuous-slot baseboard registers. 


The registers used and the detailed dimensions are shown in Fig. 31. 

These studies were conducted in Room B with one window and in 
Room C with two windows, as described in Chapter VIII. Since the data 
were obtained at the time of year when the outdoor temperature was 
between 35 F and 45 F, the room-air temperatures in both rooms were 
maintained at 82 F to provide more representative indoor-outdoor tem- 
perature differences. 

The systems were adjusted for continuous blower operation and were 
balanced to provide a delivery of two-thirds of the total air-flow rate 
into the room, the remaining one-third continuing in the downstream 
perimeter duct. All registers were located at the center of the outside 
walls under the windows. All floor registers were centered over the 
perimeter duct. Constant air-flow rates of approximately 40 cfm, 60 cfm, 
~ and 80 cfm were maintained as shown in column 5 of Table 7. 

Room-air temperatures were measured by means of 36 thermocouples 
placed on seven portable standards which were located at various stations 
in each room. Room-air velocities were measured with a portable hot- 
wire anemometer. The delivery patterns from the registers into the rooms 
were studied by photographing the patterns of smoke emanating from 
the registers. The smoke was formed by combining water vapor and 
titanium tetrachloride. 


36. Analysis of Results 
The temperature differential is defined as the difference in tempera- 
ture between two specified levels at a given station in the room. This 
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differential is affected by the following factors: @” 


(a) Exterior surface construction, including type and size of windows 
(b) Type and location of registers 

(c) Register-air velocity and flow rate 

(d) Register-air temperature 

(e) Outdoor temperature. 


For this analysis the data were compared at the same outdoor tempera- 
ture (item e) and register-air temperature (item d). The effects of 
items (b) and (c) were studied in two rooms differing only in the 
ratio of glass area to floor area (item a). 

A summary of the temperature differentials obtained in the center 
of the room is given in columns (6) to (9) of Table 7. The temperature 
differentials from the floor level to the 60-in. level (column 7), a space 
designated as the living zone, are of primary importance from the stand- 
point of comfort. Furthermore, small temperature differentials between 
the 30-in. level and the ceiling level (column 8) indicate that the heat 
losses through the ceiling would probably be at a minimum. 

The results could be classified into three distinct groups. The largest 
temperature differentials, and hence the least acceptable performance, 
were obtained with registers listed in Group I, which included floor reg- 
isters of conventional type —that is, with vertical frets and a vertical 
setting of the valves. A slight improvement in performance was obtained 
with the register in Group II, which differed only in valve setting from 
those in Group I. The best performances were obtained from the special 
registers included in Group III, where in all cases the air was readily 


Table 7 
Air-Temperature Differentials Resulting from Use of Various Types of Registers 


Temperature Differential in Center of Room,* F 


Type | Nominal Location Room Cim | 30in. to | 60in.to | Ceiling | Ceiling 
Size Floor Floor to 30 in. to Floor 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Group I—Floor Registers 
A ail 8x8 3 Floor Cc 80 4.5 7.5 5.6 10.1 
A 8x8 Floor B 40 4.4 Cf s5) a) 9.9 
Cc 4x14 Floor Cc 80 4.0 1» 6.0 10.0 
C 4x14 Floor B 40 3.0 6.7 6.0 9.5 
B 4x14 Floor C 80 4.6 8.1 oa7 10.3 
B 4x14 Floor Cc 62 o.2 6.9 6.2 9.4 
B 4x14 Floor Deft aa 40 3.0 7.0 6.6 9.6 
Group II—Floor Register with Deflective Valve 
B 4 4x14 Floor Cc 65 4.0 Dail 4.4 8.8 
Group I} -Spevtal Regi 
‘roup II1I—Special Registers 
D 24x14 Floor Cc 40 Dink aed. 2.0 4.7 
E 14x6 Baseboard Cc 80 2.6 3.8 7, 4.3 
F Top Slot 
Cont. cath Baseboard B 40 2.9 4.5 1.8 4.7 
G Bottom Slot 
Cont. Bbd Baseboard B 40 3.1 3.6 0.9 4.0 
* Differentials shown are for indoor-outdoor temperature differences of from 37 to 47 F. 
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Fig. 32. Air Temperature Profiles in the Rooms with Registers 


diffused as it left the register. Although the temperature differentials 
obtained with Group I registers were not as small as those with Group III 
registers, the experience in a basementless, slab-floor residence indi- 
cated that these differentials were considerably smaller than those ob- 
tained with conventional forced-air systems utilizing high-wall or 
low-wall registers. 

The temperature differentials given in Table 7 can also be depicted 
by the room-air isotherms on the right side of each of the room-air 
temperature profiles shown in Fig. 32. These profiles are for a plane 
perpendicular to the outer wall and through the center of each register —_ 
a plane in which the greatest variations in the air temperatures occurred. 

The fact that the best temperature distribution in this plane depended 
on the manner in which the air was diffused into the room is confirmed 
by the smoke patterns shown in Fig. 33. Analysis of these diagrams in- 
dicates that the floor registers without deflecting vanes (Types A and B, 
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Fig. 33. Patterns of Smoke Delivered to the Rooms Through Registers 
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also C) caused a column of high-temperature and high-velocity air to be 
projected towards the ceiling. In the case of the Type D register, the 
column of warm air was considerably diffused. The continuous-slot reg- 
isters, which deflected the air either horizontally into the room or across 
the windows, provided a uniform temperature and flow pattern and yet 
maintained sufficient movement of warm air near the windows to prevent 
the formation of cold regions near the windows. Though the baseboard 
register (Type E) produced substantially the same temperature profile 
as did the continuous-slot baseboard register (Type F), the results of the 
smoke and anemometer studies indicated the existence of higher air 
velocities in the living zone. The region having an air velocity of 100 fpm 
or greater extended out into the room about 3 ft. 


APPENDIX A 
DURABILITY OF MATERIALS FOR EDGE INSULATION 
37. Procedure 

The edge insulation of concrete floor slabs usually consists of rigid 
insulation boards applied to the inner face of the foundation wall, either 
vertically or in an L-shape under the slab. The edge insulation should 
have stable thermal properties which will endure for the life of the 
building. For this application the materials should be: 

(a) Sufficiently rigid to withstand the pressure exerted by the fluid 
concrete during the pouring operation 

(b) Impervious to moisture 

(c) Impervious to decay and rot. 

Some of the rigid-board insulation materials that are currently used as 
edge insulation are: fiberboards consisting of wood, cane, mineral wool, 
or glass fibers; corkboards which are coated or contain a large amount of 
asphalt; and cellular boards of glass, rubber, or polystyrene. Most of 
these materials possess sufficient rigidity for use as edge insulation but 
many are not resistant to moisture and decay. 

A supplemental study of the durability of several edge insulation 
materials was conducted. Nine different types of edge insulation were 
placed in a vertical position along the corridor wall of Room D, as shown 
in Fig. 2. Each specimen was embedded to a depth of 18 in. so that the 
upper 4 in. were exposed to concrete, the next 4 in. were exposed to gravel, 
and the lower 10 in. were exposed to the soil. The moisture content of a 
soil sample taken at the time of installation was found to be 16 percent 
based upon dry weight. The specimens were weighed and installed 24 hr 
before the pouring of the concrete floor of Room D. At the end of 300 
days the specimens were removed and weighed, and the condition of each 
specimen was recorded. 


38. Results with Nine Types of Insulation 

The results of this study are given in Table 8. Figure 34 shows six 
selected groups of materials studied; the test specimen is shown on the 
right side of each group, and an identical unused specimen of the 
same material is shown on the left side. Photographs of the corkboard 
(sample 8) and of the cellular glass board (sample 9) were not included, 
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Fig. 34. Insulation Materials Used in Durability Study 
(Left — Unused Specimen; Right — Specimen after 300-Day Application) 


since neither specimen showed any visible sign of change. Both materials 
seem well adapted for use as edge insulation. The asphalt-enclosed glass 
fiberboard (sample 6) gave minor evidence of change. Distinct moisture 
marks were noticeable on the remaining fiberboards (samples 1, 2, 3, 4, 5, 
and 7) approximately 8 in. from the top. These were attributed to the 
marked difference between the moisture content of the soil and that of the 
gravel. No signs of deterioration were observed where the specimens were 
exposed to gravel or concrete. However, moisture absorption and deterior- 
ation of the materials were observed where they were exposed to the 
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moist soil. Samples 1 and 2 deteriorated and were poorly adapted to this 
application. Although samples 3, 4, 5, and 7, which were asphalt-coated 
or asphalt-impregnated fiberboards, absorbed some amount of moisture 
under the conditions of test, it was considered that their application could 
be materially improved by observing the following precautions: 

(a) The use of the L-type of construction (Figs. 3a or 3b), which 
eliminates direct contact with the underlying soil, is recommended. 

(b) Sufficient drainage should be provided by the use of a layer of 
coarse gravel under the insulation. 

(c) A waterproof coating should be applied to both sides of the 
insulation. 

(d) The dampproofing membrane located over the gravel fill should 
be applied under the insulation. 
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